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VI. Fatigue and General Physical Properties 
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There is auch information and data published on 
metals and alloys for use at temperatures exceeding LO00°Fr, 
Unfortunately mach of the data is presented in a factual manner 
with a minimum of interpretation and correlation, From such a 
masa and maze of compositions, temperatures, times, tests, 
methods and many other variables it is difficult to get a clear 
pleture of just what is desired ina metal or alloy for use 
at high temperatures, 

There are several reasons for this state of affairs. 
Only comparatively recently have steels, for example, been sold 
primarily on the basis of mechanical properties rather than on 
the basis of chemical compositions, 

High temperature alloys were needed in a hurry for 
gas turbines, jet engines, turbosuperchargers, and other military 
applications during the recent war, Time simply was not available 
to make fundamental studies of phenomena occurring at elevated 
temperatures, As a result many varied and diverse alloys were 
manufactured, The successful alloys were so deemed on the basis 
of final performance in the application whieh is quite logical, 
but there was not a standard system of laboratory testing on which 
one could rely to rate the various alloys prior to the service test, 
Thus the results were highly empirical, One satisfactory alloy 


Cyt) Swett anmed wapqang ony &y werdiyg 


SOON, Tea Ayperpapy 


TOe7s. vou. ell 


ere mop hs i, Fee ae Te04s tim) C 


Li ee 
eet OOTT 
TOPS TaD Te 


eee narpn aen ae 
tine eyes a lly oy 
TIN yg TOS yg a On eborusdos turism 
lsotgol etiup et dobiw colimeliqgs edt mt ennarotved Isat? Yo 
Holde no guitesd yreisiodal to meteye busheete s gon eew or)eds dud 
etaed soivies edd of tolng eyells swoitey wd eter od ylex bLvos anc 


wills ysotomislias en0 8 .Laobitgme yldyid evew ediveet add euct 


might have three or four alloying elewents while another might 
have ten alloying elenents. 

In order to arrive at some body of general information 
and considerations which might be applied te selection of metals 
for use at elevated temperatures, an attempt has been nade in 
the following report to classify existing knowledge under various 
mechanical and physical properties, — 
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In 1948, a report by Scarborough (1) traced the develop- 
ment of heat resistant materials. The coverage given by him can 
best be summed up by 2 duplication of the table of contents 
of his report, | 


II. “arly Elevated Temperature Work 


IV. Recent ? ure Work (1 - 1948 
SER) coe ae 


¥. Futere of Heat Resistant Materials 


Some of the material in the present report overlaps to 
a certain extent the material of the coarlier report by Scarborough, 
but overall the organization and emphasis is radically different. 
In line with the wre modern approach of studying steels for example 
by classifying them according to structure and of specifying 
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steels on the basis of mechanical properties and hardenability, 
as little reference will be made to specific chemical composi- 
tions and individual alloying elements as is consistent with 
understanding the remarks herein, In other words, more impor 
tance ig ascribed to the properties of the particular alloy 
than to the composition sinee the alloying elements are only 
one of the many variables such as melting, ingot practice or 
casting, working, and heat treatment which determine the 
mechanical properties of the alloy, Of course there are excep- 
tions to the above where an individual element is very impor 
tant such as the necessity of having chromium present in suffie~ 
ient amount for corrosion resistance, graphitization as a result 
of an excess of silicon with sufficient earbon, and the non-pro- 
tective nature of the oxide of molybdenum, These exceptions 
with several others are discussed in the appropriate sections 
of this report, 

While on the subject of the effect of specific alloying 
elements in heat resisting steels, it might be remarked that 
Bain (2) has presented the general subject of alloying elements 
in steel and Dobiin (3) has deseribed the effects of alloying 
elements in heat resisting steels, 

Ww. O. Binder (19) has classified high temperature alloys 
in the following uanner: 
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2. Cold worked austenitic structure 
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Cc. Moderate yleld 

ad, Subject to solid solubility changes 

@. Greater twre strength than class "B* 
2. Ghromlum « base alloys 

a Gontain 25 percent Lron 

be entered cubic lattice 


Ge. Rxtrenely brittle at room temperature 
d. Possess high strength at elevated temperatures 


The above classification is not the only classification 
given to high temperature alloys in the last few years, It is 
probably not the best or most complete outline, But there are 
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several interesting points te note on it. The alloys have been 
grouped as cast or wrought, heat treated or work-hardened, 

and referenee is made to lattice structure, solid solubility, 
yield strength, high temperature strength, and ductility. In 
the earlier days of high temperature metallurgy, just a few years 
ago, it was believed that high temperature strength could be 
processing variables constant (19), This resulted in a large 
number of complex composition whieh defy systenatie classification, 
Yet it was noted that most of the alloys were subject to solid 
solubility changes at 1200 - 1800°F. It is logical to assume 
then that these alloys are similar in that they probably get their 
strength from the alloying elements by the same uechaniem, 

In order to properly evaluate an alloy for an engineering 
application one must Imow the conditions of operation of the piece 
of equipment. Yor enamphe the selection of material for the inner 
wall of a cooled, Liquid propellant rocket moter (16) would be 
on a different basis than the selection of material for blades of 
@ gas turbine (23), (24), (29), (30). The gas turbine and turboe~ 
supercharger are very much alike axcept in one respect ~ sise, 
Thum (41) bas sald: "It ie one thing to build and blade a small 
disk for a turbo-aupercharger which operates at say 1500°F, maximm 
but at fairly low centrifugal stress, and another thing to construct 
and mount a similar blade, which may be fifty times as heavy to 
run at peripheral speeds exceeding the velocity of sound, This 
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transition is eo difficult that the gae turbine, so far, is 
designed to run 200 or 300 degrees PF. cooler than the turbo- 
supercharger despite the faet that thermodynamic efficiency 
increases faster than temperature. Phun of operation mast 

also be considered, Is the turbine expected to run a maximum of 1000 
hours or is the expected life to be 100,000 hours? Is operation 
to be steady such as a power house application or is operation 

te he qqubie such as in & tennepeutehion apphiention? 

In order to restrict somewhat the many faceted problem 
of evaluating high temperature alloys, the bulk of this report 
will be concerned primarily with properties of interest with respect 
to material for gas turbine rotors and blades, The rotor and blades 
of a gas turbine are perhaps the most difficult application to 
meet since the temperature of the blades is high, the stress system 
is complex to the point of being insoluble, and just about all of 
the properties and tests associated with high temperature alloys 
must receive consideration, A schematic diagram of a gas turbine 
photograph is shown in Figure 1, 

Originally, it was planned to describe testing methods and 
equipment in some detail, But due to limitations of time, it was 
decided to make rather brief limited referen®®® to testing equip- 
ment, Complete descriptions of the equipment mentioned may be found 
in the articles referred to in the bibliograpny. 

Evans (30) has presented the points which must be considered | 
in evaluating materials for gas turbine service in a unique manner: 
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According to Evans, the design engineer first specifies the 
limiting conditions of stress, strain, time, and temperature. 
Then the netallurgict selects the proper material considering 
the factors listed inside the box, always with the four limiting 
conditions of stress, strain, time, and temperature in mind, 

The Timken Roller Bearing Company (134) employs the following 
tests depicted in the diagrammatic sketch below in determining the 
suitability of steels for high temperature service, 
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tensils tests 


Temperature 
Toots Brinell hardness 
Impact tests 
Metallographic 
examination 


High temperature 
on ae tensile tests 


Creep tests 


Rupture tests 


Oxidation tests 


Surface Stability 


reds Corrosion tests 


Netallographic examina- 
tion of surface of 
protsuges rupture speci- 


Metallographic examination 
of creep and stress-rupture 


specinens 
Structural Room temperature 
Stability Tests Tensile and impact tests 
on completed creep speci- 
mens 


Heat embrittlement tests 


ot ductility — Ductility characteristic 
under stress and of stress-rupture 
prolonged time specinens 


hock resistance Hot impact testd 
at elevated tem 
peratures 
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The reason for presenting the classifications of 
high temperature alloys, of properties to be considered, and 
of tests usually performed has been to illustrate the basis 
upon which the uajor points of this report were selected, 

The table of contents serves as an outline for the 
material of this paper. The items listed under each major 
topic are incorporated into the subject matter with the following 
emphasis in mind: 

For example; 
Creep 

A. Theory or present. statue 

0! Cerrest experimental wort 

D. General remarks 
While the topics have been physically separated for purposes of 
classification, it must be remembered that they are dependent 
on each other to a very large degree. 
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In reviewing the literature of high temperature 
metallurgy, the reader very frequently encounters the 
statement that strength, toughness, and ductility are desi- 
rable in alloys for use at high temperature (48), (66), (78). 
Strength and toughness are rather obscure terms; no one can 
really give a binding definition for either of then, Ductility 
is usually associated with elongation or reduetion in area. 
Toughness is usually associated with noteh sensitivity. Very 
often, toughness and ductility are loosely referred to as a 


single property or characteristic, 
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Equi-cohesive temperature (136) is associated with 
strength and temperature (34), (60), (63). This temperature 
is defined ae the temperature above which the material fails 
with a relatively brittle fracture which follows grain boun- 
daries or (phase boundaries), and below which failure occurs 
as @ relatively ductile process in a transerystalline manner, 
Another way of stating the definition is that it is the tempera- 
ture above which a material faile by cleavage due to strain 
rate, rather than by slip, Some people have objected to the 
use of the term equi-cohesive temperature on several grounds (63) 
while other investigators have used the term in 4 purely descrip- 
tive mumer,. The prineipal objection is that the tine of appli~ 
cation of stress deturmines whether the fracture is brittle or 
ductile. Thus the equi-cohesive temperature is not a true constant. 
This subject is developed further in the sections on creep, stress 
rupture, and hot tensile testing, 

Some very fundamental studies have been made by Osipovy 
? recently on the principles of alloying of hot strength metallic 
alloys (35), the relation between the melting temperature and 
the high temperature strength of alloys (36), and factors in 
the high temperature strength of heterogeneous alloys(37). 
Osipov has considered the general aspect of the hot strength of 
homogenous solid solutions having B, C. C. and F. C. C, structures 
on the basis of the N(E€) curves for iron, N(E€), the density of 


electron states, in and ¥ irons is plotted versus , the energy 
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of the electrons in Rydberg units. Electrons must change their 
energy and distribution in the crystal structure when the metal 
is plastically deformed. fhe probability of redistribution 

is lower (therefore the resistance to deformation is greater) 
the fewer are the permitted states of electrons in the upper 
occupied levels. Osipov then states the following principle: 
"4 homogeneous solid solution with a miniznuwn density of electron 
states in the region of the higher occupied levels of the W (€) 
curve must possess the maximum heat resistance.” The addition 
of a B. C. C. element to a FP. C. C. solvent resulte in greater 
hardness and strength at high temperatures as a result of non- 
uniforuity of the electron distribution. Metals with different 
crystal structures and widely separated in the periodic table 
tend to form intermetallic compounds. The electron distribution 
in such metals also differs sharply, so an increase in strength 
of a F. G. G. solid solution may be expected when several alloying 
elements that form intermetallic compounds among themselves are 
added, 

Osipev explains the relation between melting temperature 
and high temperature strength in this mamer. Near the tempera- 
ture of crystallization, the liquid and solid have much in common 
in the distribution of atoms, in the character of thermal motion, 
and in the forces of interatomic interaction. Uxperimental data 
on iron-chroudua, iron-niekel, cobaltenickel, and manganese-nickel 
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alloys confirm the above views to a certain extent. The 
‘peshanics) streagth of the above alloys wae evaluated at 1100°C 
by the method of Kornillov, In this method, the alloy showing 
the least deflection wader the action of centrifugal force has 
the best high temperature strength. 

In another article (37) Osipov attempts to explain 
the reason why the high temperature strength of sone heterogeneous 
alloys is lees than the strength of the single-phase alley, while 
in other systems, the reverse is true, The transition sone that 
exists between the grains of a single-phase alloy as compared 
with the zone between the two different phases in a heterogeneous 
alloy appears to be the factor of main importance. The mechanism 
of flow is assumed to be the same as that of diffusion. If the 
melting point of the transition sone is lew, diffusion of this 
grain boundary material inte adjoining grains oceurs rapidly. 
 Euteetic syetems have lower melting temperatures than the pure 
phases, Therefore the high temperature atrength is lower for 
heterogeneous alloys in eutectic systems than for the single phase 
alloy. 

The rexarks of Osipov, stated above, are based on rather 
meager experinental evidence but do indicate an approach to the 
subject of areep atrength and rupture atrength, for example, whieh 
is necessary to arrive at some conclusions that may be relatively 
free of anomalies, 
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Ductility has been a controversial subject in the 
field of high temperature alloys, and recently greater emphasis 
has been placed upon the pereent elongation caused by applied 
stresses over varying time periods (11). In eyclic operations 
of machinery (heating < eoeling « beating) if plastie flow 
from thermal stresses oceurs on each high temperature phase of 
a cycle, high stresses may result each time the minimum tempera~ 
ture is reached. In situations like this, miny engineers will 
specify roon temperature ductility as the major or primary 
requirement relying upon the ability of the material in changing 
ite sine to redistribut and reduce the thermally induced stresses (48). 
In many cases a minimm elongation of 5% in 2000 hour stress rup- 
“ture test 4s considered desirable (11), Gross and Simmons (47) 
have said: " However, low room-temperature ductility does not 
necessarily nean inadequate duetility at the elevated temperature 
of operation, and the millions of these cast buckets that gave 
satisfactory service are sufficient proof that the final answer on 
ductility is in an actual service test and not in an arbitrarily 
chosen standard of ductility in the laboratory." Cross and Simmons 
are referring to vitallium buckets in turbosuperchargers in the 
statement above, They are not objecting te ductility, per se, 
but to the method of evaluating it, since the fact that the vitallium 
turbosupercharger blades performed satisfactorily under ecyclie 
operating conditions would indieate that local elongation occurred 
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during periods of overload and sufficient relief of stress 
concentration as a result of cooling was accomplished (11) 

to prevent faliure, Siegfried (127) favors describing the 
behavior of a steel under stress at elevated temperatures by 
two strength values ~~ the resistance of the material to 
deformation and the resistance of the material to fracture. 
Resistance to deformation is defined as the limiting strese 
under whieh a cessation of creep eventually takes place, 
Resistance to fracture is represented by the load resulting 

in deformationless fracture after an infinite length of time. 
Resistance to deformation might be determined by a relatively 
short time test provided that the internal structwe of the 
interior of the test specimen would not change during extension 
of time beyond that at whieh limiting stress occurs and provided 
further that the surface of the test specimen remained unaffected 
by ambient conditions, With the above requirements in mind, 
whieh incidentally Siegfried did not consider, Siegfried suggests 
@ combination short time, long time test on notched bar specimens 
in tension in whieh the resistance to deformation and the resistance 
to fracture are obtained, 
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There really is no generally accepted theory on 
the mechanism of creep. Andrade, Kanter, Seitz, Orowan and 
others have advanced theories, but for the most part these 
are in turn dependent on other theories and assumptions which 
are not universally accepted. Such ideas as viscous flow at 
grain boundaries and within grains(Andrade 137), viscous flow 
as a diffusion process (Kanter 136), dislocation theory applied 
to transient creep (Selita and others 144), and micro creep in 
some crystals imposing an elastic stress upon other crystals 
(Orewan 139) have been suggested, It is not the intent to dis 
 Guss these theories for the reason offered above, 

Interpretation and presentation of creep data has 
appeared in several variations, MeVetty and Nadai (141) have 
introdused a method whieh involves the establishment of a 
hyperbalie sine relationship between the minimum creep rate and 
atress over a range of temperatures, By crosa plotting, a sinl- 
lay relationship is established between the sinioum creep rate 
and temperature over a range of stresses, A sixdlar procedure 
is followed with respeet to the deformation obtained during the 
first stage of creep. From a combination of the above data curves 
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Creep Curves 


Rupture 
Rupture 
High load 
or 
Strain ligh tempefature Moderate load at nodiunm to hig 
ory/both Temperature. 


Low load or low tomporature or both. 
A Uo rupture. 


Figure 2. 
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of total deformation veraus time over a range of stresses 
at constant temperature are plotted, Sets of curves nay be drawn 
over the entire range of temperatures used, For a complote 
discussion of the application of this method see references (142). 
This particular method has sosewhat limited value sinee applicae 
tion of the above chart is restricted to tests at exactly the 
seme temperature, Even slight variations in temperature result 
in @ rarked departure from these curves, 

Creep data are usually plotted en eurves as shown 
in Figures 2 and 3, The eresep curve thus consists of threes see- 
tLons; transient creep, secondary creep, and third stage creep 
just prior to rupture. In general the greatest interest is in 
the section of the curve known as secondary or uniform creeps 
According to ASTM designation £22 ~ 41 results of the cresp test 
may be plotted in the following manner: (145) 

(a) “Extension-tine owrves should be plotted on 


(b>) For a particular temperature, log-log plots 
of stress versus rate of creep are desirable, 
Such plete are useful within the limites of 
determined values. 


(¢) For each material a Ba ef log strength 
versus temperature is desirable, Por the 
higher temperatures, sueh plots approach 
straight lines although the plotting of 
data on —_e charts often resulte in 
a straight line relationship, extrapolation 
of euch lines has been found to be wmjusti- 
fied." 
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Figure 4 cCurvos for designers. 


Total strain. 


(30)e 


Log secondary creop rate 2 


Figure 5. (30) 


bar 


Creep data has been the successful basis of design 
for steaz turbines te operate at temperatures up to 950°F 
with an expected life of at least 10 years (30). Particularly 
where close tolerances must be maintained, design is based on 
creep strength. For example, steam turbine parte are designed 
on the basis of 1% elongation in 100,000 hours (11). The origi- 
Ral Elliott gas turbine was designed for a life of 10 years and 
for stresses in the neighborhood of 6-000 pel (24). 

Although it has been nentioned that the main interest 
is in the second stage or uniform creep part of the creep curve 
the initial amount of deformation from transient creep must be 
considered in design calculations. Creep curves for various 
temperatures are generally parallel. Two groups of curves each 
with parallel slopes way exist - one group for temperatures above 
and the other group for temperatures below the roerystallization 
temperature, 

then suffielenk ereep and vivess to veptere dite exist, 
so called design curves are plotted (108)(30). ‘The design curves 
as illustrated in Pigure 4 give stress for a given temperature 
that will produce a certain deformation in a given time, Common 
practice for designers is te design with a stress which will result 
in a secondary creep rate of .001% per hour for 1000 hours or a 
factor of safety of 50% is applied to the stress which will produce 
@ creep rate of 0.01% per hour for 1000 hours, Quite often the 
extension in the transient stage of creep is approximately equiva- 
lent to the extension in the secondary stage of creep for 1000 hours(30), 


~1l6< 


: oF KL) west 00000 nb naddegnea RE Yo alaed edd a0 
rt OL Ye wht 5 rot Dengiiand caw ontiimt ag $0LLIS Lon 


tra i 
me agate bacove ad? ab et 


Per ERG or ore ear AML OE 
- giodtey set verso qoor? .ecotiniweleo ngteeh al betbtence 
evods eewesaxequed iet qrom ome ~ delxo yea ueqode SeLlewg ddbw 
chltenittasoqear: Sit woled eomstinegine wht query waite att bas 
me sss Joteqned 
stsh ewig of eeowte bas quote dnblnstive nsf 
mised eff .(08)(G0L) bedtol; exe deve myleoh beLLec ov 
rows 6 wh gnende oyly.& Gang gh patwrtantlt as 
vtnid canis 8 ol wedtamcied alsin © soubor LLbv dads 
Aueer LL fotee eumive 6 dix ayl¥eb of of wieapised 10} soltoony 
a wid COOL wet re xoy 2100, Yo o¥er qaeve yusbtiosee # at 
eeubory Libi dolite wneite ad od batiqe at RO Yo Givies Ye todys? 
eit mofte oftup etrureit GOOL wot subst req WLO.0 Yo oder quer s 
covinge vistenizonyys et quow Yo dyads dnskanent ef) al nolencixe 


2 (Of) euwod COOL to qooto to enets wrebaosen eid at nodenodne og ad taol 


| at _ 48) tag 008-2 to notnadini’ bat ensbitt 


The rules of thumb above are strictly empirical. The “transition 
point curve" is plotted from the stresses and corresponding times 
when the creep rate increases to 10% above the secondary rate. It 
is important that the designer choose or design the structure for 
stresses which will not cause extensive elongation for time periods 
ever 1000 hows sines very 1002s date has been obtained about the 
ability of the various metals and alloys te deform for long periods 
of time without premature fracture, For this reason, the designer 
should probably stay well clear of the transition point curve and > 
limit stresses to the .1% curve if he expects the structure to 
last ten years (30). In 1942, the General Electric Company completed 
a series of 100,000 hour ereep tests at 642°F on SAB 4330", To 
illustrate order of magnitude figures: 


1. 25,000 psi stress cawed third stage creep after 
70,000 hours. 


2. pos We! mall Ro yr Page Byos ogy 
full 100,000 hours (30), ah ei 
842° is considerably below 1000°F, the minimum temperature in which 
the main interest of thie paper lies, But it is interesting to com 
pare some of the above figures with data obtained on much higher 
alloyed steels or more complex alloys at higher temperatures, Por 
exampae, Grant (60) in working on the development of alloys suitable 
for long - time operation in gas turbines te be operated at 1350°F 


# See appendix I for compositions 
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Figuro 66 (30). 


High temperature design information. Spread is 

due to difference in heat treatment . High creep 

and rupture values above 1000F aro from material 

water quenchod from 2150F. Tho lew valucs are for a 
material air cooled from 1700F. 


to 1500° ¥ set up a goal of a miniew: creep rate of 0,00001% 
par hour (1% in 100,000 hours) at » stress of 7,000 pai and « 
temperature of 1500°F. 

dasthor qnavenkent wy of platting eretp debe ts to 
plot lg stress versus log of the secondary creep rate at various 
temperatures, These data plot as straight lines, as indicated 
in Pigure 5, Sueh straight Lines encourage interpolation and 
extrapolation, but there are some dangers in doing this. Creep 
curves which have been conducted for the purpose of obtaining a 
rate of deformation tell nothing about the time it will take for 
a wetal to fracture under the loads applied, and nothing about 
when to expect fallure under lower leads (64), The reason for 
the above statenent and the empirleal statements nentioned 
regarding proper selection of a safe rate ig further explained 
together with the stress rupture test. 

After exaxining data on 15 of the older high temperature 
alloys, Svans (30) has remarked that there may be as mush as 100% 
spread in the stress necessary to produge secondary ereep of 0.01% 
in 1000 hours. This applies particularly for temperatures above 
1000° fF. In Pigure 6, an abnormal spread purposely caused by heat 
treatment is showm, The differences show here between bars air 
cooled frou 1700°F as against bars water quenched from 2150°F could 
be the reeult of water quenching small and large seetions,. Other 
factors of structure, melting practice, heat treatment, and working 
could aleo cause a spread in results, These effects are discussed in 
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the sections on structure, melting and casting practi, heat 
treatment and working. “h 

The creep test may not be the best test to use for 
an engineering application on a large scale, The test takes a 
very long time to run, For example, 10 years is approximately 
87,000 hours. Yet secondary creep rate values may be desired 
over a period of 100,000 hours. For gas turbine applications 
the strain measurements must be very accurately taken since 
the creep rate is very small. Por example, if design is 
predicated on 1% total elongation in 100,000 hours - this elonga~ 
tion to be the result of secondary creep (uniform creep) + the 
extensometer or measuring device if taking daily readings would 
have to be accurate to the order of 5 millionths of an inch, 
This is so because a creep of 1% in 100,000 hours is equivalent 
to « creep rate of ,000018 per hour or 2 x 10° inches per hour 
for a 2 inch gage length (64). Surtng tht goouh Sangth af Vat, 
the temperature must be maintained very accurately over the entire 
gage length of the specimen (53). It has been remarked that tempera- 
ture control on furnaces for creep machines should be “1¢ for tem 
peratures up to 900°C (59). For certain loade on certain materials, 
an increase of 10°F may double the creep rate. Mxpressing the creep 
rate in terme of percentage creep per hour the increase in the 
rate by doubling the minute initial rate does not appear to be 
alarming. However after a time such as 50,000 hours, the effect of 
doubling the hourly rate would be apparent in terms of total 


~ 19 @ 


4 pains deot st ae ake 
wmhare dabemaaranraes cao 
Bi uc apr anajeny ty yr fammahanety 


nro a wh oie a tn UE Ve 
ent? Yo dégoal toory attd’gibuud (48) dijtas oyeg dnl 8's War 
Seen ee ons 


dives %4 pt st preps 
to Jootte add waved poe a a | 
rr Stay x been Pe # 
bareed aries od dibses “Saul ‘eswort edd gaildved 


o ¢f « 


elongation, The creep specimen rust be kept in exact alignment 
during the long time of test uxier a lead of dead weights applied 
through a system of Levers, Wanjoine (56) has reported « screw 
driven creep ~ rupture teating machine whieh obviates the necessity 
of an extensometer and lever arms, ani weights are woolly elisinated, 
As was indicated in Pigures 4, 5, and 6 a whole family of curves 
ie needed for a particular material to see what behavior may be 
reasonably expected at different loads or different temperatures (5h). 
With reference to curve A on Figure 2, it appears that there is 
no neasurable elongation after the primary creep stage, but one can 
net conclude that the specimen will withetand this stress indefinitely. 
The initiation of the accelerating rate of creep ultimately Leading 
to fracture cannot be ecourately predicted for given conditions of 
stress and temperature from data based on tests carried out under 
higher stresses and tenperatures (59). 

tn plething even, the qurves on Giffurent shedis free 
quently cross, Thus 4 material whieh has excessive creep at a 
lover teaperature may be an improvement over the other usterial 
at a higher temperature (5), Thie is Liluetrated by the following 
datas 
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(Other points noted in the above test: 


1. extension lees than ,5% of gage length during 
first 24 hours, 


2, during next 40 hours, no further extension 
3. 9 0 pan of measurement, 10 inches on a 
2 ineh gage Length), 


The creep test was deseribed as a test of materials 
for essentially long time application at constant temperature, 
As such the primary interest waa in the secondary stage or 
wnifors rate of creep, Wo particular interest was given to 
failure or rupture while discussing the creep test. In practice, 
however, the rupture life of a material is of very great interest 
to the designer of gas turbines, In the starting of a gas turbine, 
the temperature rises continuously until the steady operating 
temperature of the blades, dises, and other components is reached, 
Over a very short tine, then, appreciable deformation may result 
from thermal causes as well as mechanical leading, Again, there 
is nothing to guarantee that the speed regulation device is going 
to remain operative at all times, Henee there may be periods of 
overload and higher stresses - stresses higher than those required 
for a minimm secondary creep (for example 1 x 107% per hour). 
Por this reason mst highly stressed designs are based on creep and 
stress rupture data, Grant (60), working on the development of alloys 
suitable for long-time eperation in gas turbines) set up the 
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following standards as the aim of his programs 


1. Minisws rupture of 100 hours, 20 psi 
2. Creep rate 1 x 10~ cue a tae ante * 


As a comparison of creep and stress rupture data, the following is 
givens (12) 1500°F. 


S $90 96,000 pai 11,000 1g 
S 588 


Thus it must be noted above that while deformation under 
stress of all three alloys would be uniform under equal loading at a 
relatively low stress level, S 816 and S$ 590 would give greater pro- 
tection against failure caused by overload or stress concentration 
net only due to their higher rupture strength, but also their 
higher ductility or ability to distribute or relive stress concentra= 
tions by deformation, 

The short time tensile test is really the first point of 
the stress rupture curve, “maller loads are then chosen in succession 
to give longer rupture times, The teste are usually in the neighbor~ 
hood of 200 to 2000 houre but the length of time appears to be a matter 
of personal choice, The variation of log time for rupture versus 
log stress is plotted in Figure 7 as a straight line at a given 
temperature. If the structure of the material changes or the surface 
becomes corroded the slope of the line will change. Thus there is 
great danger in extrapolating the straight lines to longer times and 
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lower stresses, 

Eprenian (22) and Grant (60) highly favor the stress 
rupture test as a prolininary test for choosing alloys for the 
testing of further properties, Gillett (27) however maintains 
that the designer or engineer say be steered away from materials 
useable at lower stress rates sinoe the stress rupture test in 
effect gives information telling what will happen to the material 
under absolute abuse, loading to a degree which would not be 
allowable by correct design for long time service. Grant (60) 
in the development, work previously mentioned, remarks that a good 
test for materials for high temperature alloys should embody the 
following four factors: 

1. Ability to discuss favorable or wifavorable 
properties 


2. Relatively rapid test tine. 

3. Reproducibility 

» Snr agrees aeeeiaee 
According to Grant, the creep test if limited to stresses for about 
2,000 houre which will not produce failure during that time requires 
costly and critics] measurement equipment and then does not indicate 
the expected life or elongation at failure. In contrast to this, 
the stress rupture test seems to fulfill the four requirements above, 
The measurenents made in this test are elongation versus time, elonga- 
tion at failure, and rupture time. Prom the curve of time versus 
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elongation, a measure of the rinimus creep rate in the secondary 
creep range ie obtained, 

Machlin and Wowiek (49) have applied the theory of 
rate processes to stress rupture, Leaving out the thernodynanies 
and the uathematics, a brief resume is given of their work, The 
successful prediction of rupture time and the dependence on tempera- 
ture for & 616 forged, 8 816 cast, and low-carbon H 155 hot worked 
provided the rease: for their recommending that rate-process 
stress-rupture equations should be used to interpolate and extrapolate 
stress rupture data for different temperatures. Thus the number of 
stress rupture tests necessary to get sufficient data for engineering 
design ois redueed, The recommendation is wade that e plot of log of 
rupture time versus stress be used instead of the log-log plots which 
have been used in the past as depicted in Figure 7. The seri log 
plot is necessary in order to obtain data te predict stress-rupture 
at additional temperatures by application of the rate process equation, 

The above paper has received criticisn on several points, 
Poncelet (discussion to 49) said that the stress-rupture data used 
covered only three full log cycles and thie is too short a time te 
evaluate the use of semi log or log-log plots. 

Evans (30) has indicated in the table below the ratios of 
creep strength to rupture strength for several alloys at 1200°F, and 
1500°F, This data would seex to indicate that a factor of 50% may be 
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applied to the extrapolated rupture strength for 100,000 hour life 
to predict the creep strength for a secondary rate of 1% for 
100,000 hours ( 1 x 107’ inches per inch per hour), Another thing 
to note is that these ratios appear to increase as the tempera- 


(100,000 hours) R(1000 hours) 
Type 1200°F 1500°Fr 1200°Fr 1500°F . 
502 0.80 0.58 
hin6 0450 0.376 
30k, Oak? 0.835 0.65 1.33 
347 00725 04525 
316 0.56 1.0 0.512 202 


(Rupture strength for 100,000 hours extrapolated) 

One of the many annoying things about stress rupture data 
is the scatter in the results, Bvans (30), reviewing data on fifteen 
of the older high temperature alloys, has remarked that the spread, 
may extend as low as 50% of the waxinwn value. Sweeney (21) thinks 
thet most of the scatter in stress rupture data in the literature 
has been due to variatiog in aging prior to test, variations in 
chenieal analysis, and variations in testing conditions, Accordingly, 
the Haynes « Steliite Company has undertaken a rather comprehensive 
program on groups of 64 stress - rupture bars cast from single 
heats. The purpose of this testing program is to arrive at a minimum 
value of stress-rupture so that the engineer can have positive data 


on which to base his design, A secondary objective is to determine 


segue oe doves ha but walt dues sg te ily 
: t ao oe f \ Re event 


‘i 


eoalogan bes hes 3 sees 
te eaticae at? set wot 

parece oh dsl Meio hong 

Bu we te cred ® vale ws my 


nosLSY He ated ytlwolver (OF) emeve edtwwert sit nt vetdson edt of 
Ph iinutwineguanns “~— wmdateqnat apie ‘debe eit te 
iin @ je ROR es wel ae sede yas 

: ab vedieon nt Yo Jom saxtd 
a... Perr alee 0 sate gig ut gobtahuer ot ead weed oni 
etign.throasa stnoitivace galteet at enottatast bas celal Lastowan 
ov Lanederysee weiter ¢ deladeeba: wee yaeued ofhifese + caxrysi ais 
5 eyed won Jeg etd wurde + enewe Jd Yo aqvety ne aeons 
rarakade 9 th ween ot a2 meen guiseed alis Io seogusy wel sabnad 
atobh ovis lacy nae Bt) aecahies eit er ce ore yertmaResa te ouvlevr 
onlrieteb of at evitostdo yushnoves A” eityinob eld ewad of dotiw no 


» wh « 


the cause for the scetter in the data, The quick failures of an 
occasional, bucket is a rather serious matter since one fractured 
bucket may cause great damage to the remainder of the good buckets, 
A very distressing situation confronts the designer since after 
the one bucket which has failed prenatwrely out of 45 - 100 buckets 
has been replaced, the wheel will usually run the full expected 
life. 


Figure 6 shows a spread purposely caused by heat treatment 
which could apply to large and small sections of the same material 
water quenched from the same hardening temperature. Avery and Wilks (48) 
made an attempt at a statistical analysis of stress rupture data at 
1800°F, Only 1é cases were investigated and no conclusions were 
derived, 

A common American convention as mentioned previously for 
reporting creep strength is the limiting creep stress for a designated 
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niniwum (seeondary) strain rate, Suppose that the Limiting 
creep stress is 1% for 10,000 hours (0.00015 per hour), This 
is not necessarily a suitable design stress as the life 
expectaney above 1,00°F at the lindtAng creep stress may be 
Lees than a year (approximately 6700 hours), Avery (48) has 
remarked that seatter bande for limiting creep stress and for 
1000 hour rupture stress frequently overlap when plotted 
againet temperature. 

A very convenient way to plot creep and stress rupture 
data is to do the plotting on ome graph as shown in Pigure &, 
Suppose it is desired to know the stress that will produce 0.1% 
creep in 1000 hours at 1600°F, The stress for these conditions 
would be given by point P, and then following horisentally aeroas 
to the fracture time line for 14600°F to point and then down te 
the tine seale, the time when the designated rate of creep will 
produce failure is obtained, 

A reeent paper by Grant and Bueklin (135) does much te 
clarify in the manner of renting a decision on some of the pointes 
previously discusved with rygard to the stress-rupture test. In 
particular that above paper is concerned with extrapolation of 
stress rupture data, Grant and Bueklin made a great number of 
stress rupture tests on S 590 at test temperatures of 1200°to 
1900°F and on S216 at test temperatures of 1200” te 1500°F, These 
rupture tests had rupture times of 0,001 hours (3 seconds) te 
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26,000 hours. Compositional and heat treatment variables were 
kept to a minimum, The heat treating schedules for these alloys 


were as follows: 
$~590 irhnhon Seek, wary Oe} » Water quench 
hours at 
Se ity, 1 hours at 1500°r, 
For at 1600°F » age 16 te 2h hours 
at t 
S<816 Solution treat 2350°r for 1 » Water quench 
For all tests at 1200° through » age 16 te 2 
hours at 


For all tests at 1500°r, age 16 to 2h hours at 1500°r, 

Figure 9 shows the plot of log stress versus log rupture tine 
for $-590 at temperatures 1200°, 1500°, and 1900°F. Figure 10 shows 
the plot of stress versus log time for 5-590 at the same temperatures, 
It may be noted on the log ~ log plot Figure 9 that the data do not 
persit drawing unlimited straight lines, Grant emphasizes the point 
that the distinct breaks in the log-log plots should not be interpreted 
to indicate a physical or chemical change which is sharply discontinuous 
but rather a change of physical or chemical nature which has reached 
its maximum rate of change, These instability points depend on tine, 
temperature, and strain rate and may be plotted to predict instabili- 
ties at other temperatures, 
By means of three plots 


1. Extrapolation of instability points log time versus 
temperature 


2. Slope of straight line portions log slope degrees 
from horizontal versus temperature, 


= 28 « 


‘ ie 

+ + ‘ Mm . ss é ig 
fs [oo tay i. ; 

mS Ms b 


sit sini ili aL ih alld ies | 
one outdo watson gutted dant wt smminas w/o g 


& A — lad, Fea 


og Ine Mak RPT 


een ot AL 
| onwed a6 of Af one are = 


tas tut ¢ oa le a i ok 
tntoy odd vestesiqas sma) AOLL dglavde bedbnttou gebeot> 
besvmrmsnd of fon bisa afats mfnaal wt at mood tb 
coasatinsselh Gijeite eh date} eanedy lantente fh Seatouin 0 : 
berioser aad detiw owwsen Leetamia ro Leoteyiq Yo squats # r9ddon su 
anaiandiranat beanies faecal saaen' segaado ‘to 
oinenuansatehes cautery sntanuse 
: ee en 
| ¥ RSH ~ adel could Yo noe yf 

wan tt ot wba Hy mitallente ok 

s ateaaanel 

sla biphelt Windhboe: vase ethitale: Wik dali 8 

eowmitareqaed avetav Ladnosluod sov'l 


~ B- 


Leg rupture time ,hourse. 


(138). 
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temperature. 

By using two of the three curves mentioned above it is 
possible to construct the predicted curve shown on Pigure 9 
(dotted line at 1900P). The unused curve above may be used as_— 

a cheek on the data figures obtained from the other two curves. 
fhe predicted curve shows fairly good agreement with the experinental 
curve. 

In looking at the plot of stress vereus log rupture life 
Figure 10, it ia seen that beyond a certain point ~ time < stress - 
temperature - a continuous curve best fits the data. This information 
together with an attempt to extrapolate (temperature wise) curves 
according to the rate theory equation of Nowlek and Machlin discussed 
earlier shows that rupture data should not be interpolated or extra- 
polated through the use of reaction rate equations, Furthermore, 
beyond a certain point in stress - time - temperature, stress versus 
log rupture time can not be plotted as a straight line, 

In plots of "true creep elongation (first stage plus second 
stage) versus time Grant has shown that thie "true elongation" decreases 
with inereasing rupture tine or decreasing strain rate, whereas the 
total elongation may or may not. This first stage plus second stage 
duetility is what is impertant to designers, since beyond the second 
stage of creep tolerances may be exceeded or failure may occur in 
a very short tine, 
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Figure ll . Plot of typical creep rolaxation e (30). 


GREEP_RELALATION 

Bolts for high temperature service are given the creep 
relaxation test. In this test the designer ia interested in finding 
out how quickly and to what extent the initial elastic strain is 
converted to permanent plastic strain. The residual elastic strain 
is what keeps the bolt tight. If the residual elastic strain 
falls below the minimm design figure, the joint will leak, In 
conducting the test a plot of strain versus time is made in which @ 
specimen of the alloy to be tested at a given temperature receives 
@ series of loads whieh are decreased everytine a predetermined 
constant strain is reached. This strain corresponds to the initial 
bolting stress to whieh the stud will be "pulled up" at room tempera~ 
ture. Figures 11 illustrates the foregoing. In order to caleulate the 
residual or relaxation stress which will remain in the bolt at temperae 
ture after any civen time period, the logarithm of the secondary creep 
rate is plotted versus the logarithm of the stress, A straight line 
ie obtained and then by meane of a formula developed by Robinson, 
the relaxation stress may be calculated (30). 
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SUMMARY 


As was stated at the outset there is no established 
theory on creep and stress rupture, Aetually there is not 
cufficlent date of the proper Kind to substantiate a theory, 
Most of the existent data is ereep date or stress rupture date 
per se, ‘the metals and alloys have not been tested with the 
idea of determining just what the creep test and stress rupture 
test is or does, but with the idea of finding out the Mmiting 
creep stress or rupture life of a particular metal or alloy at 
a particular texperature, Attempts to fit mathematical formas 
to data obtained fron these tests appear to be of not mich utility 
principally on the point made abowe that there is insufficient data, 
The fact that stress-strain, tims, and temperature must be consid~ 
ered simultaneously in @iseuesing naterials at high temperature ts 
probably the big deterrent to the amassing of data, The great 


number of teste run by Grant and Bueklin (135) were on only tve 
alloys $ 590 and 3 616, The particular findings on inebabllity 
points in this paper refer to $ 590 and $ 816, Whether phenomenon 


observed in “pure* low melting point retals is applicable to the 
multi-phased preatpitation »ardened high temperature alloys, remaium 
to be seen as studies of strueture are correlated with the ereep 
and stress rupture test, Regardless of the state of the theory 
though, the creep test and strese ruptiwe tost are very valuable 

in determining suitability of alloys for high temperature service, 
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QUAI Lit 
STRUCTURE 

Variations in structure of a metal or alloy cause 
variation in physical properties, Changes in crystal strusture, 
colution and soslescones of prosipitates at elevated temperatures, 
precipitation of minute particles at lower temperatures, typical 
cast or wrought types of structure, graphitization of carbon 
grain orientation, and grain size are some of the factors which 
nay be discussed under the broad term "structure." X-Ray diffrac} 
tion and metallographic examination are the principal means of 
studying structural variations, There is much written in the 
literature regarding the relative merits of cast and wrought 
materials for gas turbine blades. Nenry (7) has remarked that the 
designers decision as to whether a wrought or a east part will be 
used is influenced by a nunber of factors in addition to the 
primary comparison of physieal properties, Such factors as produs~ 
tion speed, cost, number of rejections, reproducibility, and 
inherent ease or difficulty of processing must be considered, These 
last named factors are economic in nature and are not discussed in 
thie report, In fact the primary reason for discuesing structure at 
all is to show the effeet of structure with regard to the various , 
mechanigal tests. 

Cross and Siumwons (47) working with 46 different alloys 
of Gr « Ni ~ Fe, Or ~ Ni - Go - Pe, Go ~ Cr, and Go - Ck ~ Ni families 
arrived at the following general conclusions as to cast and wrought 
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3. Cast alloys showed impact resistance at both room 
temperature and at ¥ than wrought alloys. 

ke Cast cobalt - base alloys show cons better 
stress rupt than wrought cobalt~base 
alloys. Although cast - base alloye are referred 
to as relatively brittle at reo: temperature, 
turbine buckets of this have been known to bend 


The above statements probably are subject to the particu- 
lar influences of melting, casting, working, and heat treating 
variables, Thus these statements can not be used as hard and fast 
rules, but do supply some useful information. In other words for 
a@ plant operating under a fixed set of processing variables, mechani- 
eal tests would have to be conducted on the respective forged and 
cast materials to be positive about whieh hae the better properties, 

Por example, there were several aging and heat treating treat- 
ments applied to the alloys above (47). The wrought alloys showed 
best stress rupture and creep values when tested in the solution - 
treated and aged condition rather than in the as - forged or as < 
rolled and aged condition, Heating from 30 minutes te 4 hours at 
2150 to 2300 Ff effected solution of precipitated phases, Quenching 
prevented precipitation of these carbides or intermetallic compounds, 
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Aging at 1350 to 1600F produced precipitation in a fine dispersion 
whieh on testing indicated inerease in high-temperature strength. 
The high temperature solution treatment and aging for those alloys 
not undergoing phase transformations resulted in considerably 
coarser grain size, increased strength, and lowered ductility. 
Hardness veasurements after various aging tines indicated that 
after 50 hours of aging there was little change in hardness, 
Accordingly, all test specinens were aged 50 hours at the intended 
test temperature in order to have alloy structure and properties 
that would exist after the alloy had been in service for « tine, 
These 46 different alloys of the Cr ~ Mi - Pe, Cr ~ Ni ~ Co + Fe, 
Co ~ Gr, and Co ~ Gr ~ Ni families (47) all age in the temperature 
range 1350 - 1600F, Sometimes the aging effect is very marked. For 
example vitalliun and alloy 61 after being aged at 1350°F prior te 
testing had yield strengths at 1000 and 1200F almost double those 
in the as cast state, Gordon (52), Scott and Gordon (110), Dobkin (54), 
Foley (67), Grant (75) (76) (60), and Henry (12) are a few of the 
investigators who have written papers in which aging and precipite- 
tion effects are prominently discussed. With reference to iron base 
materials Dobkin (54) hae eaid that the carbide forming elements improve 
elevated temperature strength by formation of a second precipitating 
compound after high temperature has caused iron carbides to coalesce 
to a degree in which they are no longer very effective as a hardener, 
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These second precipitating carbides agglomerate slowly oven at 
temperatures up to 1800°F and thus remain small, numerous, and 
very effective as a hardening dispersion at high temperatures, 
Dobkin states that further proof of the fact that it is the carbides 
of these elements whieh produce the resistense to softening is, 
that without the presence of sufficient carbon, a considerably 
greater proportion of dissolved high temperature strengthening 
elements is necessary to produce similar creep resistance, 

Grant (76) has noted, in alloy 28 ¥-0 that after a eclution 
treatment at 2300F had dissolved all of the massive carbides, the 
aging constituent was very uniformly distributed throughout the 
grain, and there is a non continuous agglomeration of a phase 
(unidentified) at the grain boundary. Air cooling from 2300 ¥ causes 
an extremely heavy grain boundary precipitate and less ductility 
than above by furnace cooling. The fact that a furnace coo) gave 
the optizam structure in alloy 22V-0 is at odds with the general 
method of heat treatment in age hardening, Binder (20), for example, 
has noted that the rate of cooling after solution heat treatment 
controls the distribution of the precipitate with respect te grain 
areas and grain boundaries, Accordingly, the rate of cooling should 
be as rapid as possible te guard against excessive precipitate forming 
at the grain boundaries, Also the temperature of formation of the 
precipitate influences the size of the particles of precipitate due 
to relative rates of nucleation and growth. This case, then, of 
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Figuro 12. Effect of solution treatments on rupture 
propertics of alloy 26V=-O , #+ hour at 
tenperature followed by furnace coolingello 
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28 V-O and several of the other vitalliums is one of the 
many anowalies appearing in the high temperature alloys which 
make it rather difficult to make general statenente of universal 
application, Figure 12 (76) illustrates the decrease in ductility 
accompanying an increase in rupture strength as a function of 
solution temperature, At 2200 F it was noted by microscopic 
studies that the carbides had been partially taken into solution 
ial the aging qunatitems tn Gatitnbes mee walieny tebendd 
the matrix, 

Aging for 48 hours at 1350 F decreases the ductility 
(% elongation) of the vitallium ~ type alloys as compared to as 
east properties. (60) It would seem that the hot or cold tensile 
test does not indigate a very important measure of ductility sinee 
the important factor is the rate of decrease of ductility with 
time, With the stress rupture test, the aging effects of decreased 
ductility is shown by making % elongation measurements during the 
progress of the test, Grant and Lane (75) working on four alloys of 
varying compositions whieh are given below for comparison found that 
all four alloys, as cast, contain at least 3 of what appear to be 
4& distinet phases: 


i. The continuous phase ( a face - centered guble and 
or hexagonal structure, ealled austenite), 


2. A globular or dendritic material referred to as a 
carbide, 


3-4.Two remaining constituents, present in much emaaller 
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amounts in part resembling the above carbide, 


1 Za 

25 VO 0025 sll es 5 e a * & 
b5 m6 oh5 1.0 32 2% 33S 

100NT-2 1.0 1.5 0.5 30 20 20 3 2.2 2 Bal. 
LLLVT2-2 1.1 3 8 6 2 


In the two low carbon alloys above, massive carbides constitute 
only a small area of any cross section and do not form a complete 
path through the structure, Here the aging benefits imparted to- 
the so called "austenitic" matrix as shown by stress rupture and. 
creep tests were large. In the above alloys, the first definite 
precipitate noticed ogeurred at 1350F. Maximum rate of aging in 
the two low carbon alleys was at 1550 - 1600 P and in the two high 
carbon alloys at 1600 - 1700 F. Agglomeration of the precipitate 
began at 1700 F, At 2200 ~ 2200 F almost all of the precipitate 
was back in solution, The carbides were observed to have a melting 
point slightly lower than the rest of the alloy. ‘The surprising 
result of the above investigation is the discovery that alloys 
differing so sueh in composition (C..25 - 1.1%, Go 20 ~ 66%) behave 
so much alike. Iron occurred in impurity amounts to 20%, Yet the tempera- 
tures for an aging presipitate to form and go back in solution were 
very close, 

Strain hardening has an accelerating effect on predipitation 
of phases from solid solution, Thus if an alloy is in a supersaturated 
condition, strain hardening brings about precipitation at temperatures 
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where the influence of the precipitate on mechanical properties 
would normally be ineffective because of the slow rate of precipi- 
tation. 

With certain high chroniun steels, « hard, brittle, and 
non-magnetic constituent called the signa phase of the general 
forma Fer, but having & bread composition range, tends to form 
in the ferrite of these steels when the steels are heated for a 
time in the temperature range 925 + 1750". (67) (12) (146). The 
ieumahhin of thhe conetivent in ugguediaihe enanhe tantea 0 
alloy steel to lose its ductility to an extent that may make the 
steel wisuitable for a particular application, Other manifeste- 
Ateus Of the sigan shane ane inerenne in hardening ait Gnenenne 
in notch resistance, 

Instability peints are the nanse given to the breaks in 
the straight line relationship of the plot of log stress versus 
log tine in Figure 9, Grant (135) remarks that these instabilities 
may result from one or more of the following processes: (135) 

L."ch from typleal low temperature type de deformation 


temperature type deformation, This is 
evideneed by ihe change fron slip flow, strain 


hardening transerystalline failure to essentially 
slipless how, annealing, and intererystalline fracture 
20xidation and corrosion 
3,Overaging, aggloneration, and resolution of a precipitate. 


4.0ther structural changes such as rearystallization, with 
or without grain growth. 


5. Phase changes such as the formation of the sigma phase," 
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Figure VU. S590, ruptured after 0.016 hours at 75,000pai and 
1350F. Transorystalline failure. Electrolytic 
ammonium hydroxide etche 100X. (135) 


Figure 15. 5-590, ruptured after 29.9 hours at 60,000psi and 
1200F, Intercrystalline fracture. Elect-olytic 
ammonium hydrexide etche 250X. (135) 


By wiheroscopieally examining fractured specimens, Grant (135) 
found that at rupture tines imediately to the right of AC a failure 
whieh begine at a grain boundary diminishes the cross seetion of 
the test bar, increasing the stress and strain rate, and thereby 
causing the remainder of the bar to fail in a transerystalline 
manner, According to Grant thie might make it appear that the 
failure was transerystalline, but the presence of frequent grain 
boundary cracks at the surface of the specimen in these instances 
indicates the transition te high temperature type (grain boundary) 
of deformation and failure, Figure 14 and Figure 15 illustrate 
tranecrystalline failure at a rupture time to the left of AC and 
intererystalline failure at a rupture time to the right of AC on 
Figure 9, The second series of breake in the curves, of which only 
two breaks, M and P, are shown, is attributed to the start of overaging, 
As in the case of the breaks at AC, the breaks MP are shifted te 
shorter tines with increasing temperature. (PF at 1900°F to the left 
of M at 1500°F,) 

The third set of breaks indicated by point Y¥ at 1900 F, from 
an oxanination of the mlerostructure of failed bars, is probably dus 
to several factora, Oxidation is showing ite effeet. Decarburization 
is noted at intererystalline cracks, 

Badger and Sweeney (45) have suggested the development of an 
allay vidieh would not qxbdbht coms of the potions dus Os caine that 
have been described above, 
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There are some structure in carben and low alloy steels 
that have not been fully identified (66), It ie euall wonder 
then that the precipitated compounds in the high temperature netals 
have not been fully determined, Metallographie exawination of hot 
motel surfaces is procecting 26 & result of the building of special 
microscopes, Inetead of the essential optical components of the 
objective being lenses, these components are mirrors (7h). The 
real image of the subject is projected on the stage of the 
microscope (70), In this way, the optical system may be protected 
from radiation from the material being examined by moving the optical 
system to a greater distance from the subject. Long heating rune can 
be condensed inte a short period of time of viewing by taking motion 
pietures and then running the film through the projector at varying 
speeds (70). 

X-Ray methods have been used and are being used to study 
structure of the high temperature alloys, The crystal structures of 
10 wrought heat resisting alloys at elevated temperatures have 
been compared with thelr cryetal structure at room temperature by 
J, H. Kittel (69), The alloys studied by moans of a Geiger - counter 
X-Ray spectrometer modified for high temperature use were S-616, 
8-590, Hastelloy B, 19-9 W-Mo, N-155, lés2hn6, Keij2eB, Inconel XK, 
Wimonie 80, and type 347 stalnless steel], All of the above alloys for 
example, except 19~9 W-Ho retained their roov. temperature erystal 
structure up to a temperature of 1800 FL 19-9 W-Mo transformed from 
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a two phase mixture of B. C. C. and F. ©. G. to a single phase 
of F. C. C. between the temperatures of 1400 - 1450FP, Thermal 
@ilation studies were made up to 2150 PF on these alloys. None 
of the alloys showed discontinuities ascribable to a phase change, 

By seans of the X-Ray diffraction apparatus in conjunction 
with a Geiger ~ Muller counter indicated above, it is possible to 
detest phase changes taking place in a time of one second (66). 

Recently an X-Ray diffraction investigation was mde of 
the minor phases ef 20 high temperature alloys (65). The identi- 
fieation of these minor phases in an alloy is important in determining 
the distribution of the elements of the alloy among the phases since 
knowledge of the manner in which a specific element is distributed 
among the various phases of an alloy will aid in the evaluation of 
the function of that element in the alloy. This information would 
aleo help in selecting the percentage of an clement required in a 
new alloy containing the same types, but not the same quantities 
of minor phases, 

In this work, the sinor phases were concentrated by electre~- 
lytically digesting the alley in a bath of a reagent that selectively 
dissolves the mtrix, The residue deposited on the bottom of the 
bath is highly concentrated in minor phases, If several specimens of 
an alloy are subjected to electrolytic attack by different anaes 
each reagent will diasolve the alloy phases in varying amounts or 
proportions, Since these phases present were unknown, 12 reagents 
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were used in an effort to concentrate each of the minor phases 
as a residue in at least one reagent. By a comparison of the 
patterns of the several residues obtained, it was possible to 
identify the phase by the pregunce of its interference lines, 
In this manner the following minor phases were deternined: 
ChC, Chit, TLC, TIN, Cr, Cy, Mon,6,, and Hoge. All residues 
were not identified. Much work remains to be done in this 
field, 

Usually the ductility (% elongation) of a fine grained 
material is superior to that of the coarse grained material 
regisdints f thm of testings (22). With regard to creep strength 
and stress rupture strength though, the coarse grained material 
usually shows higher values than the finer grained, Clark and 
Freeman (7&) found that coarse grained 1é<12 Cb, 25 Cr - 20 Wi, and 
25 Cr ~ 12 Mi were much stronger than their fine grained counter- 
parts. Grant (60) has said, as a result of the examination of count- 
less failures and near fallures, that ruptures can originate inter+ 
nally or at the surface. Initially, it is claimed, all failures 
start at the grain boundary above a certain temperatures, Thus the 
less grain boundary material there is, the less is the probability 
of the initiation of failures 

Grant (77) made a study of the relationship between the 
rupture properties and the structural elements in alloys of the 
Co « Cr - Mo ~ Ta system. The xeah nusber and the grain size of the — 
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various specimens were determined, Mesh number is taken as the 
number of carbide intersections at a magnification of 400K with 

@ gage length in a micrometer eyepiece of 0.04 inch. The number 

of carbide intersections with the gage length is counted in several 
different directions. Wide differences in nesh number can be 
obtained depending on grain orientation and the manner of cutting 
through a particular dendrite, Pigure 13 illustrates the relation- 
ship between grain size and mesh number and the rupture properties 
of alloy 100 VT 2-2 at 30,000 pai and 1500 FP. If the maximum hot 
ductility (8%) is desired for a particular application, it is 
noted that 200 hours rupture life may be attained with this ductility 
at 30,000 psi and at a temperature of 1500 F. Ge guh thane yoegeetien, 
then, in a i" diameter test section (for which the graph was plotted) 
it is necessary to have 19 carbide intersections per unit of gage 
length with about 16 grains in the entire section. There are a 
number of things to be careful. of when evaluating the above work. 
Grant mentions that the work involved only small sections where the 
mass of the metal is emall in comparison to the mass of the refractory 
material. of the mold, There are no sones of columar crystals which 
give way to equiaxed cryetals at the center of the specimen as might 
be noted in large sections. Round cylindrical specimens and molds 
were used, Sweeney (21) amongst others has remarked that grain sise 
and grain orientations in a cast turbine blade are much different than 
in a round specimen. Cross and Simmons (47) tested diamond-shaped 
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specinens with sharp edges and thin sections approximating those in 
a turbine bucket. The diamond shaped specimens showed rupture 
properties in the lower portion of the range shown by the round 
test specimens, 


Grant further remarks that the materials used were 2 or 3 
phase alloys. What the effect of single phase material would be 
is not known, 

Although a coarse grained material is desirable for great 
strength at high temperatures due to having least grain boundary 
area, grain orientation becomes a very important factor, Grant (42) 
by raising the temperature of the molten metal and the temperature 
of the mold several hundred degrees cast a 1% C vitallium specimen 
in which any cross section of the .250 inch diameter specimen was a 
single grain. A particular specimen gave a rupture life of 1500 hours 
at 30,000 psi and 1500 F, Other specimens cast under the same conditions 
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showed rupture times of 180 = 300 hours. The grain orientation 
of the 1500 hour specimen was ideal whereas the other bars had 

grain orientations whieh permitted early failure along the grain 
boundary at angles approaching 45° due to shear stresses, Since 

the control of grain orientation is strictly a function of probability, 
Grant (42) (77) recommends 12 to 16 grains per }" cross section 

for 1% © vitalliwum alloys in order to get some reproducibility in 
stress rupture properties, In the case of 12 or 16 grains per }" 
eposs « section only 1/12 or 1/16 of the total strength or woalmess 
is due to a perfectly oriented or poorly oriented grain. 


It is difficult to evaluate the effect of a particular 
alloying element per se on mechanical properties of an alloy wnless the 
structure of the material remains essentially the same before and 
after the incorporation of the particular metal into the alloy. 
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This is to say that perhaps a phase change of precipitation came 
abouk as a reows of adding the noted, Therefore the question may 
be added, "Is the increase or decrease in the mechanical property 
due to the phase change or precipitation or te the inherent 

alloying effect of the metal addition?* This question may readily 
be answered for steels tested at room temperature by using another 
alloying element which accomplishes the same change in structure, 
Usually, it will be found that the structure changs is the predomi- 
nating infiuence on the mechanical properties although the order 

of magnitude of the change will be related to the particular alloy 
addition, and the anount of the alloy addition neaded to effect the 
structure change will depend on the particular elenent, Nevertheless, 
there are several general statements which may be made regarding the 
effect of certain elenents on stress ~ rupture properties, for example. 
Grant (42) (34) with a close control of the structure of the alloy 
has noted the effect of carbon in about 2 different alloy systems and 
the effect of tantalum and nickel up te 6€ in vitallium alloys, 
Grose and Simmons (47) have noted that the addition of about 20% 
cobalt to Ni ~ Ck - Fe alloys increases the high temperature strength 
markedly over Mi - Cy - Fe alloys without cobalt. Grant (42) also 
noted that certain cobalt base alloys gave higher high temperature 
strength than certain chromium base alloys. In general, most investigators 
agree that cobalt increases the high temperature strength of an alloy. 
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Tiguro 16. Effect of aluminum content on the 100 hour 
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Figure 17. 


Pra) 1,20 le 
% Carbon 
Effect of carbon contont on the 30,000 psi rupture 


life of IM-CGr-Co-Fe bane alloys at 1500F. (60). 


Guy (31) has conducted a survey of 100 hour and 1000 hour 
rupture strengths at 1500 F on nickel base alloys in which 
aluminum, molybdenum, and chromiun were varied. This paper has 
a mumber of plots illustrating the effeet of alloying elements on 
the stress rupture strength, Figure 16 is one of these plots showing 
the effect of aluminum content on the 100 hour rupture strength of 
alloys containing 5% chromium and 5, 10, or 15% molybdenum, 

In Figure 13 was indicated the relationship between mesh 
number and rupture strength and mesh number and elongation, Grant (77) 
found that the carbon content (.40 «- 1.2080) does not contre] the 
carbide mesh spacing in Go - Or ~ Mo ~ Ta alloys, but controls only 
the amount and wasslveness of the carbide, With Ni « Gr ~ Go = Fe 
base alloys, Grant (60) found a straight line relationship between 
the log of the rupture life and percent of carbon, In Figure 17 (60) 
is shown the effect of carbon content on the 30,000 pai rupture life 
at 1500 FP, fhe inerange tn veptupe eleengih with inentdbe te Giititts 
the peak in the rupture etrength, and the decrease in rupture strength 
after the peak may be explained on the basis of changing structure 
as shown by metallographic studies, As the carbon increases, the 
ratio of volume of carbide mesh to matrix increases, Finally, the 
carbide mesh assumes a large enough proportion of the volume of the 
alloy to carry the bulk of the load, At a certain carbon content 


the carbide mesh structure becomes too massive and or continuous, 
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Beyond this point the rupture strength begins to fall off. 

The very sketchy treatment given to structure above 
is by no means complete, The primary purpose of discussing 
structure was to show the effect of structure on high temperature 
properties, particularly stress rupture, Much work remains te 
be done in the manner of some of the papers mentioned here, At 
the present time, there is not even sufficient experimental evidence 
to make good qualitative or empirical observations er decisions, 
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of 2570F = 2640. 


G6 400 800 1200 1600 2000 2400 
Mold tempe F 
Figure 18. (77) The effect of increasing mold 
preheat temperature on the 30,000psi and 
1500F rupture life and elongation in alloys 
lOOVT2-2. Crosses show single srain fracturee.. 
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In the section on structure some wention has been made 
about the influence of melting and casting variables ea the 
aicrostructure and cousequently ou the physical properties of 
some of the vitallium alleys. A few additional reuarks are added 
here. 

Grant. (77) has reported that cegasional cast high ten re- 
ture, high strength alloys of the Co ~ Gr ~ Mo - Ta type failed te 
show reproducible rupture properties by yielding either excessively 
high or low test date. Accordingly a test program was initiated to 
study the effect of wold preheat and metal casting temperature on 
the rupture preperties. Figure 12 shows the effect of increasing 
the nold preheat temperature on the 30,000 psi ~ 1500 F rupture 
life and elongation in alloy 100 VT 2-2. Note the wide spread of 
rupture life values with mold preheat temperatures greater than 
1850 F. 


Grant (76) found that the number of grains per section decreases 


with increasing metal temperature while the carbide spacing remains 
constant. The above is reflected in Figure 19 whieh summarises the 


relationship between the structural elements of 100 VP 22 (as determined 


by variations in metal - pouring temperature) and the rupture proper~ 
ties at 30,000 psi and 1500 F, 
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Much work remains to be done in the investigation of the 
- influence of processing variables on physical properties, The 
| Statistical Research Group at Columbla University under am BDAC 
 gontract, could find no correlation in vitallium among composition, 
bent trestnenh, rupters Sige, end Gakility on the tecke of Geta 
obtained from various sources, This failure has been attributed te 
variations in mold and metal temperatures, 

hh ALLegheny Lutlan Stes) Gevperebion, Brackiuetégh, Pam 
sylvania (104) melte of S-585, S~590, 8-316 are wade in a 2) ton or 
1 ton base electric are fumect, The heate are finished wnder « 
basic reduging slag end are poured at 2700 ~ 2900 F into big end 
up molds 6 ~ 16 inches Square weighing from 400 - 3200 pounds, In 
exter to seewe cound'ingsts s nim chimenbhe clecteeds axe ban been 
successfully used to keep the top of the ingots hot. These date 
are included in order to make a comparison as to size in commercial 
applications with the precision investmmt casting (sometimes .25 " 
cross section) used by Grant in the experiments outlined above, 


 Dise material must be forgeable and buck8ts, if wrought buckets 
are to be used, must be amenable to working or Magniming. All of the 
high temperature alloys are difficult to hot work and to het - cold work 
in the range 1200 ~- 1700 FP beeause of their high temperature strength, 
This fact is one of the principal problems in the development of high 
temperature wrought materiale. Freeman, Reynolds, and White (46) 
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Figure 21. (20) Effect of hoat treatment on << 
of Nel55 alloy at 1500F under constant 
streas of 8000 psie 


found that it was difficult to reproduce commercially the degree 
of hot - cold work on experimental bar stock. The effect of 
given heat treatnent on light sections may be radically different 
than on a heavy section, Mesh of the date aommlated to dete 
with regard to working has been obtained frou controlled 
experimental conditions on small bar stock, 

Heat treatment has been mentioned earlier with reference 
to solution treatment and to stabilising heat treatzents at tempera- 
tures above that of service temperature, With some materials, it has 
been noted that better ereep and stress rupture properties are 
obteinad when the uaterial is stabilised at say 1350 F for eventual 
use at 1500 ~ 1600 F, 

N-155 is probably one of the most widely used forgeable 
naterials for the wheels of ges turbines. The effect of 
hot - work on the elongation of N-155 alloy at 1500 F wider a constant 
stress of 8000 psi is show in Figure 20, The resistance te creep 
may vary widely depending upon sonditions during hot working, Yet, 
! by glancing at the table below, it may be noted that nom of these 
conditions were abnormally different (20), 
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In Pigure 21 is illustrated the elongation characteristics 
of the ease series of alloys shown in Figure 20, The heat treatment 
for 1 how at 2260 F and air cooling has eliminated the extrem 


variations observed in Figure 20, 
| The extent to whieh strain hardening may be utilised to gain 
strength is a function of the temperature of operation and the composi 
tion of the alloy. At temperatures above the recrystallisation or 
recovery temperature (reerystallization temperature is dependent on 
tine at temperatures and percent deformation) of the matrix, prior 
strain-hardening of the metal is detrimental as it increases the rate 
of creep, whereas at temperatwres below the recrystallisation tempera- 
ture, atrain~hardening processes are helpful. Many of the recently 
developed high temperature wrought alloys recrystallise near 1350°F, 
(% deformation not specified) 

Grant (33) in the course of preparing Ni-Gr-—Go-Fe base ethenes 
noted that certain grades were totally unforgeable, All of these 
unforgeable alleys coutained tantalum plus columbium from 6401 to 
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932%, Both of these elements are very strong carbide and nitride 
forwers and it is the presence of these brittle phases in @ 
continuous nature in the austenite satrix which causes failure during 
forging, Subsequently it was found that alloys containing greater 
than 4% of either Gb or Ta alone wore forgeable. Hore than 5% of 
combined Ta plus Ch should be avoided in trying te produce a forgeable 
product where nitrogen and carbon are present in amounts normally 
enetentaeel in Caen adhtee, Grant found several other alloys 

which were unforgeable, but these alloys contained carbon creater 
then 388 end in captain Sestances titentun, 

At Allegheny Ludlum, surface conditioning of forgings is 
carefully done between reduotions on 8-568, 5-590, and 8-216, 

To develop the best high temperature properties, the alloys require 
a double heat treatment, A water quench from 2150 - 2250 F is followed 
by an aging treatment at 1400 F for a minimum of 10 hours. 

Magnaflux, Zyglo, ultrasonic, and X-Ray examinations may be 
used to insure that forgings are sound, 

Aecording to Fonda (112) the most inportant consideration with 
regard to turbine disses or wheels is ductility and the best method of 
obtaining sufficient ductility is by preper control of grain flow during 
the forging operation. When it was found that the rine of very few 
wheels reached or exceeded the bursting speed, it was realised that 
the center rather than the rim was the critical area. It is very diffie 


cult to control the "quality" of the center of a large forging. 
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In rolling 3-586, 5-590 and 5-816 it was found that “hand round® 
passes which avold corners and give small reductions in area per 
pass had to be used, Rolling was done at slow speeds, In machining 
the above alloys (7) it was necessary te use sulfurised cutting 
oils, reduced speeds, very sharp eutting tools, and continuous 
cutting. About the best all-around condition for machining appeared 
to be a partially ~ aged state as produced by holding the solution 
treated stock for 1 te 2 hows at 1400 F, Speeds used in turning 
were 10-15 feet per winute using high speed tool steel. Drilling 
ig the mst difficult operation with these netals, The epeed of 
drilling must be slow. Turbine blades have been machined from 
rhomboid sections of $590 in a partially aged condition. 

Sehmidt (14) has remarked that there are two ways of 
willing high strength material to obtain reasonable tool lifes 

he Retasing eubting speed und feed and ansking the 

+ heating the workplace te 1000? = 1508 Fe 

Care must be taken to provide protection against heat flow 
frou the workpiece to the machine, Protection can be afforded by 
insulating with asbestos or by circulating a coolant in the table 
or fixture, 

Chisholm has said (42) that the following factors must be 
considered when welding high temperature alloys: 
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le UWltinate tensile etrength and yield strength at 
room temperature — 


26 Geetthahnh of eanteken« for most of the 
Care uae Of Ee Conner wean Seer 

mild steel, 

3. Heat conductivity 1s only} that of Low carbon 
steel. 

4e Hlectrical resistance in work hardened condition 
is greater than that of carbon steel for most of 
these alloys. 


5. Formed and work hardened parts should be annealed 
before welding, | 


Blades have been welded to dises and dises have been 
welded to each other to form the complete rotor, The prineipal 
diffieulties have been notch extension cracking and weld retal 
bead cracking, Notch extension cracks are cracks, initiated at 
the junction between buekets, whieh propagate in a radial direo- 
tion across the weld joints. Weld metal bead cracking is longi- 
tudinal cracking in the center of the deposited bead, or sporadie 
intergranular cracking. 

Linnert (63) found that combinations of dise and blade 
materLal with the least susceptibility to extension cracks showed 
little difference when welded by sutmerged are or by coated electrode, 
The shape of the submerged = are deposit appeared to influence 
combinations of alloys which were sensitive to extension cracking, 
Wide beads with tapering sides cracked sore severely than narrow 
beads with straight sides, Linnert further found that preheating 
had no influence on the severity of extension cracking, Weld netal 
micro structure consisting simply of austenite showed practically 
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ne susceptibility to extension cracking. When small pocls of 
complex carbides and other compounds were present in the structure, 
an inereased susceptibility to extension cracking was present, It 
was ia t the junction between buckets function as minute gaps at 
these junstions, Thie elower cooling rate induced some compositions 
of weld zetal to produce pronounced stringer ~ like segregations 
extending from the base of the junction notch. Thue joint design 
is very important. Henry (7) has said that the characterietics of 
welded joints in these alloys are so dependent on the design of the 
joint that it is difficult to aesenble any basic data of value, 
Cross (40) and Williams (80) found that interbucket notch extensions 
oceurred even in readily weldable material when the design of the 
weldment. was sueh that wavoidable notches occur at weld interfaces, 
transverse to the direction of welding. 

Gormpariaon of the composliion of weld metal deposit with crack 
susceptibility is very diffleult since composition of the deposited 
netal could not accurately be determined, Welding electrode materials 
are available with balanced analysis providing for composition change 
during welding (89) (44). In many cases, however, electrode materials 
of dissimilar composition way be used for joints in order to secure 
stronger welds, 


Weldabliity testing in this field is similar to weldability 
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testing in general. Chane are un eke eieferend tecke' co there ane 
applieations. Harris and Oliver (85) have oublined a test procedure 
whieh they applied to flash butt-welded discs and shafte, The 
criterion of a successful weld was whether the tensile strength 
across the weld was close to the tensile strength of the shaft 
material (which was the weaker meuber of the disc - shaft pair) 
and whether the fatigue resistanes of the weld junction was close 
to that of the shaft. Kleroscopic exawination of the weld jusetion 
was aleo done et 20x, Any weld junction which showed more than a 
sertain amount of oxide film at the weld wae rejected, In addition 
& teveton test wae vin on the eatenieh dn tokio te tee Ot eu 
forned on twisting under a certain stress, 

Larige ($1) has mentloned making teat pleces, conforming 
as nearly as possible to the wald in question, and then metal lographi- 
cally and radiowraphieally inspecting them. The test pieces were 
given tensile tests in order to determine the weld strength, Thus 
most of the weldability teste are a modified service test. Data and 
results from one of these tests may not be applied generally since, 
as has been seen, joint design, material, and electrode material 
are controlling variables, 


nokdomst, bis 9? 20 sntenanate-edqoeserabi.«fade re Yeteid 08 

' odd erpen:bematiesdokte ‘soksanstt nLen ehh: 420%. beimneb caka-nge 

aekhbe ak .besveies osm biew wid te aft ebixe lo tmuronn néadtes 

mienie Ut 298 02 “tabro al isineina et? 30 cy caw Sead aadewes & 

Gro heaeiter dei Paar gyna ebaense slaiee « ebow yotisins oa keane) 
-gabmrotaoe.ysevelg duos gndzan bone ituart sect UA) onbiet 4... 
wldqergodlasea aed one gaotéaeup al blow odd of vhdlvecg ae “iusen as 

bus stoi. .Ja0d eobviee betishon s 01a adeod yklddehlaw vd’ to dean 


ringed er yonke fa Wate! yo) hes oF yak dat SRetG 


CHAPTER Y 
SHORT TARE TENSE TEST 


Many investigators have sald that the tensile test is 
valueless as a measure of lony time performance at high temperature, 
(115, &, 29). Freeman and others, working with Tinken 16<25-6, 
low carbon W-155, 3-590, 5-816, and ineonel X found no consistent 
relationship between tensile properties and rupture, creep, or 
strese-tine for total deformation characteristics, Tillett has 
said that short-time high temperature yield strength tests reveal 
nothing about ervep behavior, inder conditions of stress and 
temperature in the tensile test where remnants of strain-hardening 
remain, metals do not “settle down" to a consistent creep bshavior(27). 
On the other hand Evans (30) and Henry (7) have said that the hot 
tensile test does furnish useful information for hot working or hot 
forming operations, For example warning of temperature sones in which 
the alloy has a tendeney to becone brittle may be obtained by points 
or data whieh are radically removed from the contour of plotted curves. 
Bobrowsky (14) found an approximate correlation between modulus of 
rupture and short-time tensile strength based on results for brittle 
materiale( ceramals }) at a number of laboratories, Modulus of rupture 
is defined as the caleulated maximum stress in the outer fibers of the 
specimen at fracture, The short-time tensile strength of the 
specimens (TiC with varying proportions of Go, W, or No) was found 


to be about 6.4 to 0.6 of the modulus of rupture, 
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in any discussion of tensile testing, the modulus of 
 @lasticity is brought to mind, Mack (99) has listed the following 


points dealing with the moduluss 


1. For any element, the modulus is « function of 
atomic volume, malting point, and the tenpera~ 


ture. 


2. -etmeamngen ge pes Neyre seem very icportant 
because of anisotropy. 


3. The sodulus decreases with increasing temperature, 


he Cold ~ working reduces the modulus while 


stress <- 


relieving and process anneals tend to inercave it, 
Avery and Wilks (48), working with cast 26 Cr-20 Ml alloys, 
fowl that in the conventional tensile test at high temperature the 


value of the uodulus was considerably affected by the speed of 

testing. Gross and Simmons (47) and Badger and Sweeney (45) working 
with vitallium type alloys found a variation in the modulus of elasticity 
with the grain size, In the table below (45) note the narrowing in 

the variation from raximum to minimum as the grain sine decreases, 


This is explained on the besie 


Actual Average AoS.TM. 

Grain Dismeter 9.5. Max. 
0,003 5 36,900,000 
0,012 1 35,200,000 
0.050 40 c 7200 


Modulus of elasticity, pal 


Vine 


35 h70,000 
31,250,000 
23 4400 ,000 


Average 


of grain orientations, With a fewer number of grains(larser grain sige), 


there is a possibility for greater variation in tensile properties since 


each grain is responsible for a xreater percentage of the total strength 
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of the cross section, whereas with a fine crained specimen, each grain 
is responsible for only # ewall part of the total strength of the 
eress section, 

Roberts and Norteliffe (91) have used a dynamic method for 
measuring the modulus at high temperatures. In meaewring the 
woduhus by usual statie methods with the tensile test at high tempera- 
tures, great difficulties are encountered since only seall stresses 
may be used if creep in the specimen is to be avoided. The combination 
of using very small stresses with consequently small strains leads te 
the possibility of making experimental errors of large magnitude. 

In the dynamic wethod, a cylindrical bar of the netal is caused to 
vibrate transversely with its fundamental frequency. From the 
frequency agid the mass and dimensions of the bar, Young's modulus may 
be ecaloulated (formula not given). ‘The results showed a decrease in 
Young's wodulus with temperature, The value at 1100 F for 

36 + 2.25 Mi = 439 Cr ~ oh Mo was 3/4 of the modulus at room tempera~ 
ture. 

Hardness may be correlated with tensile strength of steels at 
roow temperature. Evans (30) bas said that hot hardness is not needed 
for xost high temperature applications (exception valves), Besides, 
this property does not correlate with the other more important prop- 
erties such as stress rupture and creep, Parke and (4), howe 
ever, in making a selection of promising materials for use as gas 
turbine blades for teuperatures up to 1600 fF used hot hardness as @ 
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primery test on the basis that the harder materials had creater 
creep strencth, 
In tension testing at elevated temperatures the following 
points must be considered: (126) 
1. Method of heating specimen 
(== 
lee mencureneuh of 3004 ot Svestune 
Most laboratories at the present tine do not get the yleld 
strength in short tine tensile teste at elevated temperatures because 
they are not equipped with extensoneters for high temperatures (2) 
In the static method of hardness testing at elevated tempera- 
tures, a Vickers hardness nachine employs the regular loading device, 
A vacuum chamber protects the test specimen, the diamond indenter, and 
the heating element, The impression in the specimen is read by means 
of an optical system, The apparatus may be used up to 1700F (125). 
Kisbet (discussion to 125) has said that if the rupture test deta are 
plotted on linear coordinates rather than log - log, the rupture curve 
falle very fast, with high loads and short times and becomes very 
flat with low loads and long times, Ili would therefore by very 
difficult to predict the horisontal part of the stress-rupture curve from 
short time data which fall on the almost vertical part of the curves, 
Iinetead of a slowly applied load, the dynamite hardness testing 


method uses a falling weight, a released apring, or a blow by a 


- 2 « 


BAIR CRO 2 Tse Lange trader, wi: ke be Aye te 
axel 3 er Of mand M Aah dint weit ap PRM . See BAY shi me ‘ iit 


Sk oat | a] mis tat 
bere ett Liane sph py Coeenaant 


telteciuen afh  giith. 


bas ireenena hoownt ed} (neninee. Jo0¢ wid: advesony sedenso-coumay. 4 


ansen YS heer ef ataisege ont at nolessiymt eff stnmmele gaiseed ads 
eww ateb duet ewisqur odd 2 dadd bles ead (281 of aoiesuvesd) godedi 
drm orders ond ,gel ~ gol anid sendes eedaattioes awonth we besjoly 
ghee aentoted hee Ceabd otode baw abpol duit dély gine) wow efiel 
OS Meee BP OteterTene hivew 6 ywond? god bas absol wol ndtv do5% 
erwe aft to ding Leokivev Jeonls end me Ale? voldw sdab ond dnorie 

@ 4d Wold # 4 ysoliae bewsetet s .tiplew yaliled 2 osex border 


» RO « 


ee >. eS SS ee ere 


pendelum or hammer to produce the indentation of the test 
plece (124), The hot working stresses in forging, cogging, rolling, 


extsruding, drawing, and pressing are many times faster than those 


applied in the static tensile and hardness tests, The differences 
in static and dynamic hardness versus temperature curves shows 
that the static method does not necessarily tell the correct 
resistance to plastic forming at rapid deformation speeds, In 
extreme cases, the maxinun of dynamic hardness coincides with a 
pinimun of static hardness, By cradually increasing the deformation 
speed in impact torsion and high-speed tension tests, the maximum 
yield strength and the ultimate strength of iron and steel are shifted 
to higher temperatures, Thus in order to get a qualitative estinate 
of ¢onditions whieh may be expected in hot working the dynande 
hardness test at elevated temperatures is sore appropriate than the 
static hardness test, 


- 63 + 


cota bunk edad “veh aed ced desl ‘ieee wild ah dee’ ra 
deod ude Yo noldjasnebad wit eaten, 98 soot 10 


iP BON TR panne ® 


spabtior ygatanae cpalgret al eonaerte prevent A peg de Baten? bean hae A eg aid 
eect madd retest coals {ot ote Reefer eae 


C8 Md Ete tk seaioe! sey sg foe «t 


«A RRE) SCL td qt Giekbor ST ore Ghee el «apn ipedtiel eden sa. 


eve atah ints ewww ety MM Gnee whee wat {2 aA 


ooh oosy Peace we nm} getedy 
. he , i 
Reisen Cae RN _pel ~ Bed wed ate eta shot saints ‘eo 


rates Bee Ri: RN Aes Be aid A Ber ys RS Bh lee 


ey RT Re | ees aS. am OY akin went, sage Mag" i 
amy PUR OE a eSe Grek welt Ja ees Gayot Bavaet | aytas asa i ae Z 
igi i ; oo Soa e Bb acinus Sahn ‘ 4 ~ % # py. Tun fi da! " 
ee A ES OR YS oie, eth ee ees a. aati 
gokrcey gotard giver ' 2 


SHAPTI VE 
EARLGUB 

Patigue strangth dees not appear to bs an ixpertant issue 
at high temperatures (63) (27) (27) (11). Oillett (27) has sald 
that in cases in which a long serviee life is inherent in the 
design the ieads which produce the low liniting creep rates and 
total deformation are sa:nsiderably lower than the endurance limit, 
Therefore creep rather than fatigue is the controlling design factor, 
This relative wmimportance of fatigue strength may be due to a 
decrease in the notch sensitivity of the steels with rising temperature, 

In these cases in which a very Limited service life is the 
vaais for design, resulting in high loads and appreciable allewahle 
deformation, stresses which produee fracture in 1000 hours are sonetines 
of the sane order of magnitude aa the endurance linits and therefore 
fatigue must be considered, It Le not known how eush more important 
swrfage coniition beeoses when fatigue stresaes are the controlling 
stresses in design, nor ic there any teasure of the role played by 
alloy somposition in connection with ourface sensitivity. 

in many high temperature fatigue tects, there is no apparent 
tendency for etress ~ oygle graphs tc level off and develop an apparent 
ondupanoe Limit (27) (30) (2). 

With reference again to the degision as to whether fatigue 
atrengih or creep is tho sost Important variable Lf the faticue 


strengti: and yield strength determined by various mean static stresses 
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p emperature of blade. 


Figure 22. Temperature and stress distribution 
in a turbine bladee (17). 


is determined at various temperatures, it is found that at low 
denyerehares the fatigue cteangih 4a eiiage leuw thas the siidd 
point and at high temperatures the fatigue strength is higher 
than the creep limit. (17) There is an interzediate temperature 
at whieh the static yield point and the fatigue strength are 
identical, This temperature varies wlth the definition of the 
evsep Lindt and the frequeney of the lead reveveniis euplied when 
determining the fatigue strength, This tauperature indicates the 
transition frox brittle fatigue fracture te extension by creep. 
Therefore the engineer has an indieation up to wat temperature 
fatigue strength is the erlterion of the waximua permissible stress, 
and beyond this temperature there evenp Lindt de the epiterians 

In Figure 22 is shown the state of stress in a blade at various 
positions of the blade compared witi the Lemperature, fatigue limit 
and creep limit, fhe outer part of the blade is almost the same 
temperature as the impinging gas; the root of the blade may be about 
100 ~ 200 F cooler, ‘The creep strength at the root is higher, but the 
fatigue strength may be lower than at the blade tip. The combined 
otetic and alternating stresses are highest at the root. Therefore 
it is possible to have a situation where the permissible stress is 
lower in the colder section of the blade, If transverse vibrations 
of very high frequenay arise, the highest stresses will then be at 
the tip of the blades, 
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Figure 22. Tempers ture and stredy dist 
in a turbine blage, (17) 


(27). 
=» % ~ 


Turbine blading is required te withstand a steady 
centrifugal stress, a steady gas bending stress, and complex 
fluetuating stresses, These fluctuating stresses are the 
result of aerodynamle buffeting of the moving blades from the 
preceding row of stationary blades which may set the blades inte 
vibration with @ peak movement at resonant conditions when each 
noving blade receives successive blows from each stationary 
blade. A flutter phenomena may also occur at the trailing 
edges (4). 

In order for a fatigue testing machine to imitate the 
stressing of a turbine blade, it would be required to exert 
Sinultansously a uniform tensile lead, a uniform bend load, and a 
fluctuating bend load at frequencies of several thousand per second 
at temperatures exceeding 1200P (129), It is usual te design on the 
basis of only steady stresses using the slastie theory and creep 
date. 

Sinee there is insufficient information available for the 
designer to base his design on fatigue stresses, he insures that 
the possibility of fatigue failure ie made remote at the expense of 
lightness and aerodynamic efficiency. This explains why no special 
effort. has been made to develo, new turbine alleys of whieh the 
prime function is the ability te withstand fatigue, Alloy manufse~ 
turers feel that a cufficient amount of fatigue resistance accompanies 


materiale of high creep strength (129). 
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Most fatigue testing simply indicates one alloy to be 
more resistant than another to vibration in general, The 
eurrent methods of fatigue testing can be divided into two 
main elassifications, The first is the vibration test in 
whieh the main objective is te find the natural frequeney of 
the finished component, ‘The second method is an attempt te 
establish the eniurance limit of the material when subjected 
to conditions reseubling « service test. 
Various fatigue tests in use now ares (130)(132)(30)(129)(121) 


he. The tie excitation test ~- vibration test 
a: taaals bv = seomanee tse 
3. Alternate tension + test. Haigh or 


' compression 
Krause machine is used for this test, 
ke Wohler Test 
5. Westinghouse Test ~ a high temperature fatigue 


a balenced electronic systen, 
6. Schenk type tests 

Badwards (129) has eald "Suppose we sre asked to determine 
the maximum fatigue stress permissible for a waterial to be used in 
a turbine blade required to last "t" hours in serviee under a given 
steady creep stress of "W" tons. The frequency of vibration in 
the turbine is n cycles per minute whereas the highest frequency 
possible in the fatigue machine nay be There is a cholee here 
of two teat procedures, A steady stress of "W" tone may be inposed 
on the apecinen and an attempt to find the limiting faticue stress 
for a life of "t" hours may be made, This is the correct method on 


the basle of tize alone, On the basis of strees cycles the correct 
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limiting fatigue streas would be based on 50 "t" hours." In the 
first instance, the specimen is only given 1/50 th the reversals 
it would undergo in serviee., In the second instance, the specimen 
is subjected to a creep stress "W" for 50 times longer than it 
would be in services, Neither wethod is correct bat it is thought 
that the first method is closer to the correst answer, 

With high rates of stressing applying in fatigue testing, 
a dynamic method of calibrating the equipment in order to determine 
the stress-strain relationship is necessary. The dynamic limit of 
proportionality has been shown to be such higher than the static 
limit in some materiale at elevated temperatures, At sufficiently 
elevated temperatures, there may be no limit of proportionality under 
statis testing conditions and the relationship ef stress to strain 
at high rates of stressing can be detersined only by dynamic calibration. 
The method of calibration desepibed by McKeown and Back (130) makes it 
possible to decide in any given instance whether or not 1t is justifi-~ 
alle to assume elastic stressing in computing bending stresses from 
the applied foree and specimen dimensions, For example, when the 
shape of the stress ~ strain curve or load ~ deflection curve is 
affected by the rate of stressing at elevated temperatures, it is 
necessary to determine the curve at a rate of stressing the same as 
that oegurring in the fatigue test, Creep occurring during @ calibration 
at a slow rate of stressing, referred to as a static calibration, may 
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give a nonlinear stress-strain relationship whereas, if tine 
for creep were not available because of the high rate of stressing, 
the relationship may be linear up te much higher stresses, 

With reference to the fatigue strength of particular alloys, 
Toolin and Mochel (132) plotted 70 fatigues curves at 1200 and 1500F 
on several high temperature alloys, At 100 million cycles, the 
fatigue eurves of moat of these alloys approached a straight line 
en the standard senilogaritioie otrese - cycle diagram, The slopes 
of this straight line section of the diacram varied from alley to 
alloy. The wrovght form of the alloy appeared to vive higher fatigue 
strength at 1200 and 1500 F than the precision cast form, Fatigue 
fractures of the wrought materials were, in gereral, transerystalline, 
Alloys with higher before ~ test hardness showed auperier endurance 
properties, 

Evans (30) found that with a 12 Cr alley at 1000 F stress 
cycle curve was still falling at 500,000,000 oyeles (for the 
frequency used ~ 1158 hours), 

Cross (40), using a Krouse direct « stress machine with a 
stress amplitude of > 15,000 pai at 1350 F on forged 3-590 and H-155 
(lew carton), found ductile fractures with measurable elongation and 
necking down. The time to rupture in the fatigue test closely 
approximated the constant-stresa to rupture time, This would indicate 
at least for this particular experiment that cyclic stress had no 


effeet on the time to rupture, 
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With reference to the previous statezent made regarding 
the possibility of nore severe stress conditions at the root than 
at the blade tips, Bobrowsky (14) successfully operated a rotor with 
3 ceramal blades and 139 alloy blades at gas temperatures up te 
2000 ¥ and speeds up to 15000 rpm. Almost simultancously with an 
increase of speed to 17,500 rpe., all of the coramal blades failed 
at the root where the temperature was quite low. 

Where damping is accomplished by the mechanical blade-«iise 
joint or by the inherent high damping capacity of the material iteelf, 
fatigue obviewsly ie not a worrisome problem. lowever, the trend to 
welded joints and the fact that austenitic alloys (and most of the 
present high temperature alloys have an austenitic matrix) points te 
problems in fatigue since welded joints and austenitic alloys have 
poor damping characteristics, 

Wilkes (120) has found certain changes occurring in the internal 
damping of 8-816, Inconel X, N~155, and Timken 16 Gr + 25 Mi - 6 Ho as 
@ result of continuous vibration, For example at a peak stress of 
40,000 pei, the Wi and Co = base alloys showed « minimum damping near 
800 F and a sharp rise between 1350 - 1500 F. The two lron=base alloys 
had maxims damping between G00 ~ 1200 7, a slight dip at 1350 F, and 
a sharp rise at 1500 7, M155 and 5«016 indicated excessively high 
damping at 1200 F and above at stresses below its fatigue limit. This 
high value however becane rapidly smaller as vibration was continued 
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to the extent that it finally showed lowest values of the four 
materials. This means that damping data obtained by more orthodox 
methods in short times may, in some cases, be greatly in error if 
used in choosing materials for gas turbine buckets. Consequently 
trouble would result in those designs where internal damping of 
the buckets is a major factor in limiting vibration. 

Pinally it may be said that the damping capacity of a material 
appears to be an inherent characteristic of the material. It is 
relatively unaffected by heat treatment or other processing variables, 
Ferritic materials have high damping capacity. 12 Cr steel has 
one of the highest damping capacities known. (30) 
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THERHAL CONDUCTIVETY 
A- high thermal conductivity is a requisite in waterials 


expected to possess high thermal shock resistance, With materials 

of high thermal conductivity, it is possible to operate at higher 
gas temperatures than with materials of low thermal conductivity - 
other conditions being the same, An experiment in which high tempera- 
ture alloy (wetal), ceramic, and ceranal blades were mounted in a 
wheel and then passed through the flawe from a gas torch for a 

given tine revealed that the ceramic became white hot, the alloy 
bright red, and the ceramal a dull red (14). 


A low coefficient of expansion is desirable where close toler- 
ances and cyclic operations are necessary, A low coefficient of 
expansion has much to do with the adherence of oxide files, In welding 
a low coefficient is desirable, Unfortunately nany of the high tempera- — 
ture alloys have coefficients as high ae 1.5 times that of the plain 
Carbon steel. The coefficients of these alloys increase with tempera- 
tures. For example, Cunningham has reported (24) that the Elliott 
turbine is nearly 1/2 ineh longer when it is operating than when it 
is cold, Due to this expansion at the high temperatures of operation 
the turbine must be balanced not only at speed but also under 
conditions of temperature. (Normal method of balancing turbines 
for operation at moderate temperatures 500 - 600 F is a dynanic 
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balance at room temperature.) In the Elliott turbine expansion 
ie handled by having the turbine and ite appendage fixed at ite 
exhaust end with all expanaion forced toward the inlet, where 
connections float by freely moving links. 


The specific gravity or density of the saterial influences 
the magnitude of the stresses developed in the rotating buckets dus 


to centrifugal force, 


Parke and (44) in the search for a suitable zetal for 
operating temperatures up to 1600 F used the melting point of the 
metal ae the criterion for selection. It is noted that, although 
pure metale have higher melting polnts than their alleys, the pure 
metals do not usually have as good mechanical properties, Tungsten 
(He Pe 6190 > 06 F) seemed to be the ideal base. Unfortunately, 
tungsten < chromium alloys with exeellent oxidation resistance and 
high strength at 1600 F were too fragile and difficult to fabricate, 
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Figure 25. Plot of hindered contraction , stresses versus 
temperature. (48) 


Materials for use in gas turbines specifically designed 
for transportation which implies cyclic operation must have a 
certain amount of resistance to thermal shock. Norton (15) has 
summed up the properties required by nuterials at elevated 
temperatures for maximu: resistanee to thermal shock ast 


stress 

5. Low coefficient 

7. Low exterlor conductivity (heat loss by convection 
at the surface) 

Resistance to failure from thermal shock was determined by 
Bobrowsky (14) by heating elreular disks 2 inches in diameter and 
about 4 inch thick to a given temperature and then quenching these 
diske in a moving stream of air. If a specimen withstood 25 cycles 
of shock at a given temperature, the test was continued at the 
next higher temperature for another 25 cycles to a maximum tempere- 


ture of 2400 F, The thermal shock parameter was set equal to 
SE) {2 eS0) 
(8) 


where K thermal conductivity 
TS. tensile strength 
eoefficient of thermal expansion 
& effective modulus of elasticity 
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A large value of the above parameter is indicativd of high 
resistance to thermal shock, 

Avery and Wilks (4@) have plotted the stresses which result 
if the thermal contraction of an alloy is hindered, The plot shown 
in Pigure 23 may serve two functions: (1) It may indicate the 
magnitude of thermal stresses that can develop. (2) It provides a 
quiek criterion for determining at what temperature heat treatment 
must be conducted to reduce residual stresses below a certain level, 
Above the corresponding temperature point on the graph, any stress 
that is applied te an alloy will rapidly fall by plastic deformation 
to the value indicated by the curve. 

Henry (11) has remarked that substitution of fine grained 
material for coarser grained material permitted relief of thermally 
induced stresses by logal elongation at points of stress coneentra- 
tion, 

NOTCH RESISTANCE 

Siegfried (58) has said that heat resistant alloy steels tested 
at. high temperatures in notch impact behave like ordinary basie Bes- 
sener steel tested at low temperatures. Small cracks in the surface 
may slowly develop and lead to fracture without deformation. Schaub 
(51) has remarked that the limiting creep stress should be complemented 
by a corresponding test (creep) on notched test bars, In the notched 
test a stable material should not exhibit any tendency to embrittlement 


or to fissure formation in the noteh similar to stress corrosion, 
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SORRO! ATION 
There are a number ef reasons why a elear cut corrosion 
or oxidation index of « material cannot be given, The rate of 
corrosion and oxidation of a material depends on many different 
variables. These variables are: 
1. Temperature 
2. Aubient atmosphere 
3. Composition of saterial 
he Time of exposure 
Se Thermal shock ecorsditions ~ coefficient of 
6. Mechanical stress and abrasion 
7, Steady or fluctuating temperature and composition 
of atmosphere 
8, Method of reporting corrosion loss or oxidation 
Gow (99) has said: "Broad generalisations regarding the 
relative corrosion resistance of different alloy compositions based 
on the experlense gained in one type of application or on the results 
of tests conducted under one set of conditions are likely to be 
wrong in their implications when corrosion conditions other than 
those for which the observations were made are encountered," 
Harwood and Sebulwan (101) neve made a seties eugithenstve 
report on current corrosion research which is being conducted under the 
auspices of the J. 5. Bavy. Oxidation and tarnishing are now recognised 
as #lectrochenical phenomena, Metal ions have been shown te diffuse 
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outward through tho oxide (sulfide or halide) filx as well as the 

less frequent diffusion of reactant (gaseous) ions inward, A 

growing file may be compared to a current - producing cell with the 

netal-fllu interface (as anode) supplying cations and electrons 

for outward diffusion and with the attacking substance ~ film interface 

(as cathode) supplying the anions for inward diffusion, The film 

acts as both the internal and external circuit of a closed esll. 
mredhe dak be Givided inte Web ews Ser tendiiediien 

their exidation produete: (101) 


2. Aluminum and the heavier netals form protective, 


ssanithaaah te the taetiien oF Gale 

Fundamental studies of oxidation and corrosion are being made 
currently at several universities, At Illinois Tech (101) direct 
neasurenent of the rates of yas - metal reactions is being made by 
means of @ gas voluwtrie method with gas circulation under atmospheric 
or low pressure, One of the initial phases was the study of electron 
potentials in growing halide and oxide layers. A study of the sone 
of metal phase consumption (lecus between the initial surface of the 


metal and the surface of the 
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retreating metal phase) revealed that even in the cases where a 
scale grows by outward diffusion of the metal or metal ions, the 
seale also must grow on the other side towards the metal, Conditions 
of seale growth on both sides of the metal are dissimilar, Thus, 
the structure of the scale tends to be different in both layers 
formed, Gompogition and strueture of films are being investigated 
by cheuical and netallographic exaxination and by clectven diffree= 
tion studies, Several stainless steels have been exposed to varying 
oxygen atmospheres for different temperatures and tine treatments, 
diffraction studies, It was found that the oxide films formed in low 
oxygen atvospheres at 1800 F are nore protective to further oxidation 
than seales formed in higher ~ oxygen atmospheres. Electron diffrae- 
tion patterns have been obteined at the temperature of oxidation, 
The high texperabaye exléehien products ferent te copem and 
in alr in Cr steels, ranging from 5-268 Cr content, have been analysed 
by X-Ray diffraction. A regular variation of phases present can be 
correlated with change in oxidation resistanee, In contrast with pure 
iron, no FeO was found in the oxidation of iron < Gr alloys indicating 
a pessible function of Gr in producing an oxidation resistant seale. 
Sinee it ie recognised that the protection afforded a metal may not be 
dane to the bulk oxide acting 4s a wechanieal barrier, but rather to some 
special properties of a relatively thin layer next to the metal, film 
stripping techniques are being utilised to examine thin films by 
transmission electron diffraction, 
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At Carnegie Inetitute of Technology (101), the diffusion 
mechaniene operating during oxidation processes are being studied 
by meane of radioactive tracers, It is possible te icternine if 
it is iren or oxygen which diffuses through the oxide layer during 
the scaling of iron, In brief the method is of electroplating a thin 
layer of radioactive iron on a polished surface of pure iron. The 
specimen is then oxidised under controlied conditions, The distribution 
of radioactive iron through the scale indicates the nature of the 
diffusion process. 

at Stanford University (101), a program is underway to deter- 
nine if ateespherie reactions have an important effect on stress « 
rupture properties of high temperature alloys, Then by the use of pure 
metals, the mechanism and nature of these effeets are to be studied, 
The results to date have indicated that ateospherie reactions have a 
definite effect upen high temperature strength properties of metals and 
alloys. The program will also include the study of the effeet of 
strain rate on the enbrittlenent of pure metals subjected to stress 
rupture tests in active and inert atuospheres at elevated texnperatures 
in order to deteruineif the reduction in ductility is due te environ- 
nent or effect of low strain rates ami high temperatures, 

From the above discussion, it would appear that very little 
fundamental study bas been done in the field of corrosion, This is 
not so however, Hickman (95) (6) and Hickman and Gulbransen (94) 
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have reported a nuuber of electron diffraction studies on stainless 
steels 301, 4h6, S588, nichrome, inconel, stellite, refractalog, 
hipernik, kovar, and hastelley. Hickman (95) used the reflection 
electron diffrastion technique in studying the structures of the 
oxide films on the above metals at elevated temperatures, The 
observations were made at elevated temperatures and after the 
metal had been cooled from the high temperature, The following 
results were notells 

(1) The oxide which formed on most of the alloys 


me Os, 
(2)In general, oxides of iron are observed at low 
temperatures while oxides containing Cr appear 
ae the temperature is elevated, 
(3) Heating and cooling experiments show that solid 
phase reactions oceur during temperature cyeling. 
(4) There does not appear to be any correlation 
between the structure of the alley substrate and 
the oxides which may form on ite surface. Both 
austenitic and ferritic alloys form cro, and 
spinel type oxides, 
(5) On those alloys which contain Ni and Gr (nichromes) 
and those which contain Co and Cr (refractalloy 
and stellite), oxides of Ni and Co 
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are observed at low teuperatures while Cr oxides 
appear as the temperature is raised. 

‘Whelan and Gulbransen (9h) found that, if the oxide coating 
of these alloys was protective to the alloy at temperatures in 
excess of 1300 F, the structure of this protective coating is of 
the spinel type. 
| Hickman (96) has mentioned a number of factors important 
in determining the ehemieal and physical structure of the oxide film 
on the surface of an alloy. Some of these factors not previously 
nentioned ares 


l. Thermodynamic stability of the oxide 
2. Lattice type of the — 


3e Preexidation trestaent of the metal suth as 
lishing, and cleaning. 
he Rates of nucleation and growth of the oxide 
crystals, 


“4% above is uuinown, "3" has been estimated from thermodynamie data, 
and "2" has been deternined from diffraction studies. Some work along 
preoxidation treatment lines has been done by Vernon, Wormwell, and 
Nurse (97). The relationship of the lattice type of the oxide te that 
of the underlying motal or alloy may determine which oxide will form, 
It is possible that a given oxide may have creater probability of 
forming if its lattice watches that of the metallic substrate, 
Goldsehmidt (94) has shown that ?e and Feo, have lattices which my 


3h 
be realily derived from the lattice of abpha iron, while alpha P80, 
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has a rhombohedral lattice whieh differs considerably from that 

of the body ~ centered euble alpha iron, Experinentally Pe,0, 

and FeO are found in contact with alpha iron while alpha FeO, 

is not. Binary alloys present added difficulties in comparison 

with the metals since the oxides which form may be complex and 
contain the two metale or solid solutions of various oxides 

of the two metals, Investigations of binary alloys have show: 

that it is not possible to predict the oxide that will form on the 
surface on the basis of the thermodynamic stabilities of the several 
posaible oxides, Gubdée of cone of the Uamenbe, cithern en cheetahs 
are not observed in the outer surface of the oxide layer. Oxides of 
one metal (in a binary alloy) occur at low temperatures, while oxides 
of the other natal appean ot higher tenpereturats The problem of 
Séeuhstying tn eukde on the -custene of un cliey nay te eitennly Gftie 
cult if two or more of the oxides below are present simultaneously. 
The reason for this difficulty is the similarity in structure and wit 
cell sisee which results in the same distribution of diffraction lines 
and intensities of these lines, The similarity in structwre alse 
increases the probability of solid solution of one oxide in another, 
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Correlation of oxidation rate with the constitution of 
the oxide coating should be made in order te determine which 
additions should be nade to the base raterial for best oxidation 
resistance (li). 

and Melonald (100) have sald that temperature 

increases the rate of sealing 1.2 to 2,0 times per 18°F temperature 
increase providing the temperature differences are not toe large and 
cine ceed wath: phe io Weknn eas 

The effect of the pressure of oxygen, in the case of oxidation, 
acts differently in various pressure ranges, At very low oxygen 
prestuan, Whe Gansciabion prema of Vee enlée coche tap te Mated 
than the external oxygen pressure, Under these conditions seale does 
not form, When the external pressure exceeds the dissociation pressure, 
scale forms, If an oxide is present in @ closed systen without an 
additional supply of oxygen, and another metal is placed in the same closed 
system, then the oxide may dissociate giving off oxygen and the 
second metal may oxidize providing the conditions deseribed above 
obtain. 

The corrosion behavior to be expected of an alloy cannot be 
predicted from known corrosion behavior of component elements and 
the proportions of these elements in the alloy (99). In Fe-lNi-Gr alloys, 
the optimum Ni or Cr content for waxinam corrosion resistance varies 


as the Mi or Cr levels being considered are altered. Also the optimum 
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amount of Ni and Cr varies with the temperature being considered, 
Go, W, and Mo whieh have relatively poor oxidation resistance 

may actually enhance the oxidation sealing resistance when present 
in particular amounts in Fe ~ Gr ~ Ni alloys (99). However, if 
Volatile oxidation products are formed such as WO, or NeO,the alloy 
may have lower oxidation resistance as a result of the addition of the 
tungsten or wolybdenum (103). 

Perhaps the most clear cut statement that one can wake about 
the oxidation of high temperature alloys is that the resistance te 
oxidation ir a function of the chromium content, Since nost of the 
high temperature alloys have an austenitic matrix, an increase in 
chrosius content as operating temperature increases necessitates that 
aichel eo” sone other custenite stabiliser be insyeased to maimtatn 
the austenitic structure. Gow, Brasunas, and Harder (43) made corrosion 
tests of Fe ~ Mi + Cr alloys in alr at 1600 te 2200 FP, They found that 
Gr content ie considerably neve effestive than Ki content in resisting 
oxidation at 1600 F, Twe general composition ranges where optimum 
corrosion resistanee was obtained at 14600 F and 2200 F were 26 Cr-20 Ni 
and 16 Or + 60 Ni. 

Lincoln (26) hae listed the following percentages of Cr as 
being necessary in Cr - Wi steels to resist excessive oxidation at the 
indicated temperatures: 


ox Temperature 
1300 F 

16g 1500 F 

27% 2150 P 
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In addition to oxidation in general, decarburization, 
carburisation, nitridation, interdendritic or intergranular 
penetration, and selective infiltration attack may cecur. The 
presence of carbon in combustion gases as unburned hydrocarbons 
or in other forme may cause the carbon to diffuse inte the 
steel, at an appreciable rate at texperatures in excess of 1300 F,. 
The wifortwnate thing about carbon in a chronius steel is that 
carbon combines with sixteen tines ite weight of Gr te form 
Ghronius carbides, Thus in the vielnity of these carbides the 
matrix may be depleted belew the amount of chromium needed for 
oxidation resistance (establishment and meintenance of chrord.um 
oxide scale) at the particular temperature, Lincoln added 1.7 Si 
to a 25 Cre20 Ni stee] and then exposed the steel to a carburising 
atewsphere for 160 hours with practically no carburization, For 
the optimun resistances to carturization, straight shromiux steels 
which are completely ferritic are recosmended, 

Sulfur present in combustion gases either in the elenental 
foru or as Hj% attacks steels with nickel content. The sulfur 
forms with the nickel a Ni«d eutectic which mlts at 1193 F. Lincoln( 23) 
has found that in atewepheres which are oxidising and in which the 
sulfur remains ag SO, there is slight attack on straight chromium 
steels or steels with low Ni content. Under reducing conditions 
with sulfur in the form of Ho3s there is serious attack at elevated 
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temperatures particularly if the steel contains nickel, Stauffer 
and Kleiber (92) (102) found that in some cases, high sulfur com 
bustion gases caused less sealing than low sulfur gases, They | 
attributed thie to the great scatter in the test results, 

One of the discouraging things about expressing a corrosion 
index of « wetal aside from meeting the controlled eonditicns 
of tina, atmosphere, and temperature already mentioned is that 
the weight lest method is subject to creat experimental error. 
For example, Gow, Brasunas, and Harder (13) could not get a conpletely 
metallic surface on Fe-tii-Cr alloys after repeated and prolonged 
desealing, MeGullough (93) has said that desealing (associated with 
weight lost) is not satisfactory for long~-period tests where descaling 
will not indicate subsurface destruction due to intergranular attack 
and decarburisetion, Nevertheless, corrosion data is expressed as 
*grane lost per ingh” per day® oF "inches penctration per years" 
The German criterion fer corrosion resistance of steel for gas turbine 
blades during World War II was that at the given temperature the 
tested steel had te show a loss not greater than 1 gram per how per 
square neter, and at 90 F above that temperature a loss not greater 
than 2 grams per hour per square neter, The above figures appear to 
be very arbitrary and at: the best probably have very restricted 
engineering applicability. 
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CHAPTER VIIT 
Ite 

The nachanieal testing of the high temperature alloys 
for dynaeic applications only emphasizes how little information 
is actually obtained from such tests as creep, tensile, and 
fatigue with relation to performance in serviee, Sweeney (22) 
has gaid that the general belief today is that laboratory 
mechanical test data only serve as indications of the uses for 
whieh an alley appeare to be suitable. Ae the present tinty 
the final choice of material 1s dependent only upon long~tine 
service testing in the turbine unit. As an example of the lack 
of agreement on any one alley for a specific application, Sweeney 
has said that of the five cobalt bass alloys which Haynes Stellite 
Company makes for precision « cast turbine blades Allison thinks 
cumber 21. alloy is beet, Westinghows hes always used suber 23, 
and other turbine builders feel that alloys number 27, 30, or 31 
are better, 

Badger (25) has deveribed the service testing of wheel 
materials in whieh the wheels are unbucketed to failure in 
a high-speed vacwe stand, About 150 wheele were burst to determine 
the relative quality of various manufacturer's wheels and to evaluate 
X~Ray, syglo, and supersoni¢ testing, In general, it was found that 
X-Rays were efiective in locating internal pipe or blowholes but 
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ineffective in detecting fine cracks, Zyglo was effective in 
detecting surface imperfections, Supersonic testing was effective 
in detecting cracks or voids too small to be found by X-Ray. 4n 
effort was made to correlate failures with the stress-rupture 
properties, damping capacity, and fatigue resistance, It seemed 
that the design and operating conditions infhuenced the nature 
of the failures. In the turvosuperchargers, for example, the 
buckets were more effectively damped than in the aircraft gas 
turbine buckets, Bucket bands in the turbosuperchargers touched 
and in some cases were upset by expansion, In the buckets without 
the damping effect, there ie sone correlation between failure in 
the service test and the high temperature fatigue strength. 
Saldin and DeHuff (55) have said that the advantages of 
running bladed dises in an actual engine test are: 
1. Identical conditions of normal engine operation may 
be duplicated, 
2. No additional testing equipment is needed 
There are however many disadvantarces: 
le Optimus personnel safety is difficult and costly. 
2. Costly engine damage cecurs in case of premature 
failing of even a minor part 
3e Rotational speed is limited by other engine parts 
4. High operating costs 
5. Temperature neasurenents are difficult 
6. Design and configuration of the equipment is inflexible 
7. There is little independent control of variables 
6. There ia difficulty in repeating test conditions and 
results 
9. Measurement of creep is difficult without extensive 
engine teardown. 
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Stewart and Ellinghausen (13) have deseribed the comparison 
of high temperature blade materials in a type B turbosupercharger. 
Twelve different alloys were tested as blade material. 142 blades 
of both wrought and precision cast alloy blades were mounted in 
the rotor disk of a tyre B turbosupercharger. Diesel oil was 
the fuel ueed, Test rune were made at 1200-1500 F for 50 to 150 hours, 
After each test run, the supercharger was removed from the test 
stand and taken into a constant temperature room where measurements 
were made to determine the permanent extension in the blades and 
rotor disk, shemnet ont Milaapauen GS) sient in - en tae 
in a service test ae follows: % No new blades of high-strength 
alloys were available for replacement, and a set of vitallium blades 
was taken frow a standard rotor for this purpose. This proved unfortu- 
nate as one of the replacement blades failed during the second 50 hour 
test run at 1500 F. — The failed blade segment damaged a considerable 
number of blades in the roter. Forty-five of the damaged blades were 
removed and replaced with new vitallium blades. 

Renewal of forty-five blades and damage to the reference circles 
made it necessary to reestablish the reference marks, renew the bear- 
ings, and balance the rotor." 

An interesting point about the results of these tests was 
that two of the alloys which showed the maximum resistance to deformae 
tion at 1500 F in the laboratory creep tests stood approximately in 
the middle of the group tested in the supercharger, Thus it seems 
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that one of the major objectives in high temperature netallurgy 
is the development of a laboratory test for evaluating materials 
that wil) correlate with service experience, 

Recently Hoffman and Ault (105) made a study of the applica- 
tion of statistical methods to the evaluation of gas-turbine 
blade failures. Routine Laboratory tests are usually applied te 
newly available materlals to rate them upon the basis of stress « 
rupture strength, creep rate, fatigue life and other properties, 
These data are valuable in the selection and development of materials 
in that they furnish a relatively fundamental basis for comparison 
and study, But, ac has already been pointed out, the data are 
difficult to apply directly for service use because they fail to 
indicate the effects of complex conditions of stress, temperature, 
and atmosphere that exist in service. In order to approach service 
conditions, simulated serice tests, simplified to reduee the number 
of variables and to improve control of variables are employed for 
evaluation of materials before use in service applications, If it 
were possible to correlate failures in the service test with failures 
in the Labopatery test, it would be possible to eliminate much of 
the expensive service testing. For example, if a service failure 
can be attributed to fatigue or stress rupture, then the fatigue 
properties or stress rupture properties would be the lmportant 
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criterion in the laboratory test, 

Hoffman and Ault (105) determined the frequency distribution 
of time witil failure of 142 cast cobalt base turbine blades mounted 
in each of two discs, in one wheel, the entire 142 blades failed. 
In the other wheel, 64 of the blades failed, The blades in the 
first wheel had an average life of 25.5 houre with a standard 
deviation of 11,5 hours, With this Large standard deviation nay 
Be eetn the thbteey of making veny fe0 teste te cbtein datas The 
results of very few tests might place at one extreme or the other, 

Reynolds, Preenan, and White (62) have said that erratie 
results in rupture tests at 1200 F on 19-9 DL. were probably due to 
variation in sample location and partially te an inherent erratic 
characteristic associated with low deformations in the mtertals, 
They recommended sufficient teste to obtain a good average curve 
of stress against rupture tine, 

Mills (107) in discussing the design of a test coupen found 
by statistical analysis that when good steelmaking, forging, and 
heat treating practice had been extablished, there was as much 
variation in physieal properties within any single forging ae within 
an entire heat treatment batch, Tests from the end of any given 
forging then were no better criterion of the material in the center 
of that forging than were the teste fron another forging of that 
heat treatsent batch, Statistical methods for studying the properties 
of wrought steel products have been given in a series of papers 
from the Carnegie Institute of Technology. 
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Special equipment and techniques necessary in high tempera- 
ture testing have been described previously, Further information 
tay be found in references (13), (61), (71), and (106). 
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Figure 24. Stress and temperature distribution in 
a disc of 19-9DL rotating at 16,500 rpm. (55). 


slip rings where strain gage signale were transmitted te a cathode 
ray oscilloseope., 

The present designs of the Ellictt gas turbine are based 
on the maximum stress theory of failure. The evaluation of the 
working stress is made on the basis of the stress - to rupture 
test in simple tension at elevated temperatures, On the basia 
of what has been said, it would appear that the design of the 
gas turbine is an undertaking involving many approximations. 
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Pigure 24, Strese and temperature distribution in 
a digo of 19-90%. rotating at 16,500 rpm. (55). 


STRESS AND DESLGM 
In Figure 22 was shown the stress distribution in a 


blade, Figure 24 depicts the stress distribution in a dise 

with 150 PF temperature differential from eenter to rim rotating 

at 16,500 rpm. Ae with the deseription of the stress distribution 
in the turbine blades, the stress problem in the dise is very 
complex, The diese is subjected to heat by conduction from the 
blades and may in some cases be directly heated by the combustion 
gases, The temperature differential existing between the center 
of the dise and the rim causes a differential expansion which intro- 
duces a system of thermal stresses that combine with the centrifugal 
stresses due te rotation (116) (122). 

The elastic theory for disks operating at high temperatures 
for extended periods of time is completely inadequate, The accurate 
solution of the growth of turbine disks is an important and difficult 
problem, While the final stresses depend only on the state of creep 
ultimately reached, the growth depends on the entire cyele of life (123). 

biffiewlties conneeted with experimental stress analysis of 
dises and blades are great. (118) has described how high 
temperature wire-resistance strain cages were mounted at the bases of 
several blades and the vibratory stress of the blade was recorded 
during operation, Several components of the turbine were modified in 
order to provide passage of the wires from the strain cages to the 
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A mmber of factors which must be considered in evaluating 
high temperature materials have been discussed, The little that 
is known and the great anount of unknown information concerned with 
these tests and properties has been pointed out, Warning was given 
at the outset that nig of theoe Sactors oun be considered individually 
eines inhevethtion eal Wihertighatanes tae tngertimh tn tee tennial 
on Gravente te en: wde at meer eapiiiiies he enti 
measurement of the property, Strees, strain, time, and temperature 
must be considered simultaneously when evaluating materials at high 
temperature, This factor is the explanation why the obtaining of 
data is difficult and expensive, 
Some rather obvious future requirements are: 


he Study of the effects of long periods of stressing at 
elevated temperatures on the stability of materials 
5. Statiobieal metheds of experimental analysis 
in the interlgr, the designer of gas turbines must exercise 
careful juigment based on empirical relationships, adequate margins of 
safety, and on his ability to dissern if a particular test or test 


method 1s applicable, reliable, and trustworthy. 
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